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SECTION  II  PART  2 


EXPERIMENTAL  AERODYNAMIC  INVESTIGATIONS 
AT  SUPERSONIC  SPEEDS 


k 


1 


CHAPTER  A.  INVESTIGATION  OF  A  LAMINAR  FLAT  PLATE  WITH  SUCTION  THROUGH  MANY 
FINE  SLOTS  WITH  AND  WITHOUT  WEAK  INCIDENT  SHOCK  WAVES 


a.  LOW  DRAG  BOUNDARY  LAYER  SUCTION  EXPERIMENTS  ON  A  FLAT  PLATE  AT 
MACH  NUMBERS  2.5.  3.0  AND  3.5 


E.  E,  Groth 
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( B)  Summary 


Low  drag  boundary  layer  suction  experiments  on  a  41-inch  long 
flat  plate  were  conducted  at  the  40-  by  40-inch  continuous  supersonic  Tunnel 
A  of  the  Arnold  Engineering  Development  Center  at  Tullahoma,  Tennessee.  The 
model  was  equipped  with  76  closely  spaced,  fine  slots  arranged  in  eight  suc¬ 
tion  chambers.  Full  length  laminar  flow  was  obtained  at  M  =  2.5,  3.0  and  3.5 
up  to  the  highest  possible  tunnel  pressures,  resulting  in  length  Reynolds 


numbers  of  21.8  x  10^,  25.7  x  10^  and  21.4  x  10^,  respectively.  The  measured 


drag  coefficients  (sum  of  wake  and  suction  drag)  were  of  the  order  of  26  to 
43  percent  of  the  turbulent  friction  drag  at  tlie  same  Reynolds  and  ^Lach  numbers, 


The  results  of  calculations  of  tlie  laminar  boundary  layer 
dev'elopment  along  the  plate  at  typical  suction  distributions  are  compared 
with  the  test  data. 


( C )  Notation 

bk  average  span  of  slots  in  k*"^  chamber 


reference  chord  length,  'ocation  of  boundary  layer 
rake  (c  =  40.23  inches) 


C 

CD 

CD 

Cf 


suction  drag  coefficient 
total  drag  coefficient 
wake  tirag  coefficient 
1  fiction  drag  coefficient 


referred  to  freestream 
dynamic  pressure,  unit 


span,  and  reference  chord 


j 
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(C)  Notation  (Continued) 


Pco  8  c 


=  suction  weight  flow  coefficient 


Mach  number 


static  pressure 
dynamic  pressure 
Reynolds-  number 


reference  Reynolds  number 


temperature 

velocity  inside  boundary  layer 
potential  flow  velocity 
suction  weight  flow  through  chamber 
coordinate  along  plate 
coordinate  perpendicular  to  plate 
boundary  layer  displacement  thickness 
boundary  layer  momentum  thickness 
viscosity 

kinematic  viscosity 
density 


Subscripts 


suction  box 


chordwise  station  c 


running  parameter,  k  «  1, . 8 

measuring  nozzle 


suction  chamber  inside  model 


wall  condition 
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(C)  Notation  (Continued) 

X  chordwlse  station  x 

o  stagnation 

<»  freestreain 

(D)  Introduction 

Earlier  boundary  layer  suction  experiments  on  a  two-dimensional 
surface  at  supersonic  speeds  were  conducted  In  1957  on  a  20- Inch  chord  5-percent 
thick  biconvex  wing  at  Mach  numbers  2«23  and  2,77  and  at  a  length  Reynolds 
number  of  12.5  x  10°  (Reference  98),  The  present  program  extends  these  results 
to  higher  Mach  and  Reynolds  numbers  and  to  an  airfoil  section  which  does  not 
produce  a  favorable  pressure  gradient  along  Its  chord. 


The  flat  plate  suction  model  had  a  chord  of  41  Inches  and  a 
span  of  40  Inches.  The  leading  edge  thickness  was  .007  Inch;  the  bevel  angle 
Increased  from  11.5  degrees  over  the  forward  1.3  Inches  to  15.8  degrees  between 
stations  1.3  and  9.4  Inches,  resulting  In  a  total  thickness  of  the  model  of 
2.50  Inches. 

Suction  was  applied  through  76  slots  located  between  chordwlse 
stations  2,0  and  39,9  Inches.  The  slot  width  Increased  from  .004  Inch  In  front 
to  .005  Inch  In  the  rear,  the  slot  spacing  from  0.42  Inch  In  front  to  0.55  Inch 
In  the  rear.  The  span  of  the  first  slot  was  14.6  Inches.  Allowing  a  wedge 
angle  of  8.3  degrees  for  the  spread  of  turbulent  disturbances  from  the  end 
points  of  the  slots  reduced  the  slot  span  to  a  value  of  3.61  Inches  for  the 
last  slot.  The  slots  were  cut  through  a  .020-lnch  thick  upper  skin  which  was 
bonded  together  with  a  thicker  lower  skin.  The  latter  contained  rows  of 
.20-lnch  deep  holes  placed  .25  Inch  apart  and  varying  In  diameter  from  .042 
to  .062  Inch.  The  sucked  air  was  collected  In  eight  suction  chambers  and 
ducted  from  there  through  tubes  of  0,93  Inch  l.d.  through  the  tunnel  wall  to 
eight  metering  boxes,  where  the  suction  quantities  could  be  adjusted  manually 
and  measured  through  calibrated  nozzles.  The  sucked  air  was  removed  through 
a  12- Inch  diameter  pipe  of  a  pressure  of  .05  to  .10  psla,  provided  by  ARO,  Inc. 

The  model  was  Instrumented  to  measure  surface  pressures,  suction 
chamber  pressures  and  temperatures,  metering  box  pressures  and  temperatures  and 
metering  nozzle  pressures.  A  rake  of  ten  total  head  probes  was  mounted  at  the 
rear  of  the  model;  It  could  be  moved  between  stations  23.5  and  40.5  Inches  to 
measure  the  boundary  layer  profile  at  various  chordwlse  stations.  The  drive 
mechanism  for  the  rake  was  provided  by  ARO,  Inc, 

A  list  of  the  pertinent  slot  dimensions  Is  presented  In  Table 
I.  A  sketch  and  photographs  of  the  model  are  shown  In  Figures  1  to  5. 


(F)  Measurements  and  Data  Reduction 


The  tests  were  conducted  at  AEDC  Tunnel  A  of  the  von  Karman 
Gas  Dynamics  Facility  of  ARO,  Inc.i  Tullahoma,  Tennessee,  with  J.  H.  Jones 
and  S.  R.  Pate  as  project  engineer  (Reference  99).  At  a  given  Mach  number 
and  tunnel  pressure  the  suction  quantities  through  the  eight  c^'mbers  were 
varied  and  the  changes  of  the  boundary  layer  profile  at  the  rake  location 
observed.  The  pressure  and  temperature  data  were  recorded  for  typical  cases. 

The  equations  for  the  data  reduction  are  the  same  ones  used 
In  the  previous  supersonic  suction  experiments  and  are  summarised  as  follows 
(most  of  the  symbols  are  defined  In  the  Notation). 

th 

The  suction  coefficient  for  the  k  chamber  Is  determined  by 


^4 


W,. 


U.  K  c 


%  <1  +  .2  M,') 

“k  — - 


2^3  TT 


T  % 


k  c  H,  (1  +  .2  j  y 


v/here  Is  the  Mach  number  Inside  the  metering  nosxle  of  diameter  dj^  and 
defined  by  the  suction  box  pressure  pjj^^  and  the  noxxle  pressure  Pj^j^ 

r  Pb. 


''nk‘  ■  =  L  -U 

*'nk 


th 


bj^  la  the  average  span  of  the  slots  In  the  k  chamber;  the  values  are  listed 

In  Table  I.  The  reference  chord  length  is  Identical  with  the  rake  location; 
In  most  cases  c  »  40.23  Inches. 


^Ds 


The  suction  drag  coefficient  per  unit  span  Is  given  by 

2 

D  M-,  T_, 

. _L..y  c„  (1 

'4  k  h,2  X, 


where  Mgj^*"  Is  determimd  by  the  pressure  In  the  suction  chamber,  Psj^i 
2 


Msk  -5 


P”  ,).286.fj 
Psk  J 


the  wake  drag  coefficient  per  unit  span  is  evaluated  from  the  formula 


2  3  U. 


■'Dw 


^  c  +  2  -  M 

<1,  c  c  'U/ 


2 
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(F)  Measurements  and  Data  Reduction  (Continued) 


where  3^  is  the  momentum  thickness  at  the  rake  location 


dy 


and  (Reference  123) 


H  +  2  -  ■  3.145  -  .26  -  .30 

Although  the  flat  plate  has  constant  static  pressure  along  Its  surface,  small 
local  changes  occur  due  to  the  shock  waves  from  the  Individual  slots,  resulting 
In  values  of  U^.  ^  U„.  The  total  drag  Is  defined  as  the  sum  of  wake  and  suction 
drag, 

COt  ■  +  ^s* 

(G)  Results  of  the  Drag  and  Suction  Measurements 

The  basic  test  results  are  presented  In  Figures  6  to  9  where 
the  wake,  suction  and  total  drag  coefficients  are  plotted  versus  total  suction 
coefficient  for  M  ■  2.0  and  2.5  and  the  Reynolds  numbers  Investigated.  Each 
total  drag  curve  has  a  minimum  at  a  certain  suction  coefficient.  These  minimum 
total  drag  and  optimum  suction  coefficients  are  plotted  In  Figures  10  and  11 
for  the  two  Mach  numbers,  3.0  and  3.5.  Included  are  the  theoretical  values  of 
a  laminar  and  turbulent  plate.  The  laminar  value  was  taken  from  the  boundary 
layer  calculation  for  an  Insulated  wall  at  a  stagnation  temperature  of  100 *’F. 
The  turbulent  curve  follows  van  Drlest's  theory  (Eqs  11>29  and  Figure  F«lll 
of  Ref»’'ence  100). 

Full  laminar  flow  was  maintained  at  M  ■  3.0  and  3.5  up  to  the 
maximum  tunnel  pressures  available,  resulting  In  maximum  length  Reynolds  num> 
bars  of  25.7  x  10^  at  M  ■  3.0  and  21.4  x  10”  at  M  ■  3.5.  The  following  mini¬ 
mum  drag  and  optimum  suction  coefficients  were  obtained  at  the  highest 
Reynolds  numbers: 

bL,  ■  3.0,  Rg  -  25.7  X  10^,  »  4.50  x  10"^,  -  2.10  x  lO"^ 

K.  -  3.5,  Rg  -  21.4  X  10^,  »  5.65  x  10'^,  -  2.70  x  10'^ 

The  test  points  In  Figures  10  and  11  indicate  that  no  Increase  In  suction 
quantities  was  observed  at  the  high  Reynolds  numbers  due  to  Increased  exter¬ 
nal  disturbances  at  the  higher  tunnel  pressures  so  that  higher  length  Reynolds 
numbers  with  full  laminar  flow  could  have  been  provided  If  higher  tunnel  pres¬ 
sures  had  been  available.  The  measured  minimum  total  drag  coefficients  of  the 
suction  plate  are  between  1.60  and  1.77  times  the  laminar  plate  friction  coef¬ 
ficients  and  between  0.37  and  0.28  times  the  turbulent  plate  friction 


(G)  Results  of  the  Drag  and  Suction  Measurements  (Continued) 


I  9 

I 


k 


coefficients  at  M  «  3,0}  the  corresponding  data  at  M  =  3,5  are 

Cn^  ■'  2,05  X  Cf,  and  Cr,  ^  0,40  x  Cf  . 

'^lam  ‘^t  ^turb 


The  slightly  higher  drag  coefficients  at  M  =  3,5  are  partially 
caused  by  the  higher  suction  requirements  at  the  higher  Mach  number,  A  plot 

of  "^^c^opt  ^c  shown  in  Figure  12,  About  25  percent  higher 

suction  coefficients  are  required  at  M  =  3,5  than  at  M  =  3,0,  Typical  experi¬ 
mental  suction  distributions  are  presented  in  Figure  13,  The  low  suction 
coefficient  through  chamber  7  at  M  =  3,0  was  caused  accidently  by  a  blockage 
of  the  suction  tube  inside  the  model.  Slightly  higher  suction  in  the  adjacent 
chambers  compensated  for  the  loss  in  chamber  7,  The  continuous  suction  inflow 

P  V 

velocity  coefficient  - /r  for  equivalent  area  suction  is  related  to  the 

0  ij  c 

o  -n 

suction  coefficient  for  k'  chamber  by  the  equation 

Bw  Vq 

\  3  ,  “c“ 

where  is  the  chordwise  length  of  the  k^^  suction  chamber.  Typical  values 
Pvj  ^o 

for  — g —  /Rj.  are  of  the  order  of  1,5,  or 


t 


Jl 


t 


« 


,003 


6  ” 

for  Reynolds  numbers  between  20  and  25  x  10°,  Because  of  — Jl—  ”  ,3  and 

D 

V 

I!  2000  ft/s  at  M,  =  3,0  to  3.5,  the  continuous  inflow  velocity  v^  is 
about  2  £t/s. 


(11)  Discussion  of  Test  Results  and  Comparison  with  Theory 

The  test  results  will  be  discussed  in  connection  with  theoretical 
data  obtained  from  a  calculation  of  the  laminar  boundary  layer  development  for 
an  insulated  flat  plate  at  a  stagnation  temperature  of  100®F  and  for  suction 
distributions  similar  to  the  experimental  ones.  The  method  of  computation 
originates  from  Reference  45,  Two  suction  distributions  with  total  coefficients 
Cwj;  ■:  ^c  “  1,160  and  1.32fi  were  selected.  They  are  plotted  in  Figure  14  as 


vs  X. 


Included  in  this  figure  is  the  development  of  the  Reynolds 


number  based  on  the  local  momentum  thickness  of  the  boundary  layer  plotted  in 


i 


i 


i 
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(H)  Discussion  of  Test  Results  and  Comparison  with  Theory 
(Continued) 

Rd 

the  form  — —  vs  x  for  the  two  suction  distributions.  The  calculations  were 

performed  for  both  suction  distributions  at  M  =  3.0  and  3.5.  The  variation 
of  R9  with  Mach  number  Is  so  small  that  the  plotted  curves  are  valid  for  both 

Mach  numbers.  For  a  flat  plate  the  wake  drag  Is  related  to  Rq  by  the  formula 
CDw  ^ 

/Rr 


The  variation  of  Cjj^  /R^  with  the  suction  coefficient  is  plotted  In 

Figure  15;  the  theoretical  curve  fairs  Into  the  value  Cj)^  =  1.27  at 


*  0.  This  curve  can  be  compared  with  experimental  data  In  the  following 
way:  wake  drag  coefficients  and  total  suction  coefficients  Cy  at  a 
given  Reynolds  number  are  taken  from  the  curves  in  Figures  6  to  9,  and 
each  point  selected  produces  a  test  point  (Cd^,  ^Rg,  /R^)  In  Figure  15, 


The  points  Included  In  Figure  15  were  taken  at  the  optimum  suction  coefficient 
for  the  five  Reynolds  numbers  tested  at  M  3.0  and  the  three  Reynolds 

3.5.  Since  the  boundary  layer  velocity  profile  at  the  trailing 


opt 

numbers  at  M 

edge  for  the  case  of  optimum  suction  Is  usually  slightly  distorted  toward  a 
turbulent  shape,  additional  points  for  M  *  3.0  and  a  total  suction  coefficient 
which  Is  30  percent  nlgher  than  optimum  suction  are  also  Included  In  Figure 
15  .  The  test  points  fall  into  a  band  limited  by  the  lines  1.45  and  1.75 
times  the  theoretical  curve;  the  experimental  data  at  M  »  3.0  are  about  50 
percent  higher  than  the  theoretical  values,  chose  ac  M  »  3.5  ebout  75  percent 
higher;  no  difference  was  observed  between  the  data  for  (Cy,.)  and  1.3 


A  possible  explanation  for  this  high  wake  drag  may  be  found 
from  one  addltonal  test  point  which  was  obtained  by  moving  the  rake  Co  the 
end  of  Che  seventh  suction  chamber,  station  x  *  31.4,  If  x  =  31.4  is  intro¬ 
duced  as  the  new  chord  length  and  all  suction  and  drag  coefficients  are  made 
nondimens ional  by  this  new  value,  one  point  occurs  in  Figure  15  which  is  only 
14  percent  higher  chan  the  theoretical  value.  This  single  point  Is  also 
Included  In  Figure  6.  Additional  test  points  at  chordwise  stations  ahead 
of  the  trailing  edge  were  not  obtained  because  of  a  failure  of  the  rake  drive 
mechanism  and  time  limitations  in  the  later  part  of  the  program.  If  this 
test  point  is  correct,  it  suggests  the  possibility  that  the  high  experimental 
wake  drag  coefficients  are  caused  by  a  spanwise  contamination  of  Che  laminar 
boundary  layer  from  the  adjacent  turbulent  sections.  The  last  slot  of 
chamber  8  had  a  span  of  3.6  Inches  compared  with  6.2  inches  for  the  last  slot 
of  chamber  7.  Since  the  turbulent  boundary  layer  has  a  thickness  of  the 
order  of  one  inch,  it  is  possible  that  it  interferes  with  the  laminar  layer 
(whicl.  ’■  only  about  O.l  inch  high),  and  this  interaction  would  be  more 


(H)  Discussion  of  Test  Results  and  Comparison  with  Theory 
(Continued) 


•  • 


severe  at  c  =  40,2  than  at  x  =  31.4,  An  increase  of  the  suction  area  on  the 
model  was  not  possible  because  of  the  limited  volume  inside  the  model  and  the 
requirement  to  remove  the  sucked  air  at  acceptable  pressure  losses. 


Since  the  one  test  point  at  station  x  =  31,4  was  obtained  at  a 
total  suction  coefficient  which  seems  to  be  close  to  optimum  suction,  the 
total  drag  must  be  close  to  ti.®  minimum  drag.  Therefore,  the  total  drag 

-4  6 

coefficient  =  4.98  x  10  at  =  14,0  x  10  can  be  compared  with  the 

minimum  darg  coefficients  at  M  =  3.0  measured  at  c  =  40.23  inches,  as  shown 
in  Figure  16.  Comparison  x^ith  the  laminar  and  turbulent  plate  friction 
coefficients  results  in  Cq^  =  1,45  =  .28  These  values  are 

considerably  better  than  those  measured  at  c  =  40,2  inches. 


A  comparison  of  the  theoretical  and  experimental  velocity  pro¬ 
files  is  shown  for  the  following  .  ccnditir.?*: : 


Figure  17 
Figure  18 
Figure  19 
Figure  20 


=  3.0,  =  25.7  x  10^, 

=  3.5,  =  21.4  X  10^, 

=  3.0,  R^  =  18.0  X  10^, 
M  =  3.0,  =  14.0  X  10^, 


c  =  40.23  inches; 
c  =  40,23  inches; 
c  =  40,23  inches; 
X  =  31,40  inches. 


The  experimental  velocity  profiles  are  thicker  than  the  theoretical  by  about 
the  same  ratio  as  the  experimental  wake  drag  coefficients  are  higher  than  their 
theoretical  values. 


(I)  Effect  of  Leading  Edge  Bluntness  on  Wake  Drag 

Another  reason  for  the  discrepancy  between  the  theoretical  and 
experimental  wake  drag  data  consists  in  the  fact  that  a  theoretical  flat  plate 
has  an  infinitely  thin  leading  edge  while  the  experimental  plate  had  a  finite 
nose  thickness  (t  =  ,007  inch)  and  the  lower  surface  vjas  inclined  by  11,5 
degrees,  causing  a  certain  amount  of  unsymmetry  between  the  top  and  bottom 
surfaces.  The  effect  of  a  blunt  leading  edge  on  the  transition  of  a  laminar 
boundary  layer  and  its  momentum  loss  has  been  discussed  frequently  (e.g.,  Refer¬ 
ence  101  &  102),  The  detached  shock  wave  from  the  leading  edge  causes  a  con¬ 
siderable  total  head  loss  for  the  streamlines  next  to  the  surface  and  produces 
a  momentum  loss  even  in  the  absence  of  a  viscous  layer.  The  order  of  magnitude 
of  this  effect  can  be  estimated  by  the  following  analysis. 

It  will  be  assumed  that  the  plate  has  the  shape  of  a  half  cylinder 
followed  Dy  a  flat  surface  of  constant  thickness  equal  to  the  diameter  t  of  the 
cylinder.  The  bevel  angle  will  be  neglected.  The  detached  shock  wave  for  a 
circular  cylinder  was  computed  in  Reference  103  for  K  -  3.0.  The  stand-off  dis¬ 
tance  of  the  shock  is  equal  to  4  =  .355  t.  Since  the  shock  wave  will  gradually 
reduce  to  the  Mach  wave  for  M  =  3.0,  the  shape  of  the  shock  is  approximated  by 
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(I)  Effect  of  Leading  Edge  Bluntness  on  Wake  Drag  (Continued) 


a  hyperbola  (also  used  in  Reference  102)  of  the  equation 


1  =  5.06  :/(l  +  .070  21  )^  -  1 
t  (/  t 


The  shape  of  the  model  and  shock  wave  are  shown  in  Figure  21. 

The  local  slope  o  of  the  shock  wave  permits  the  calculation 
of  the  total  head  loss  through  the  shock  wave  as  a  function  of  M  sin  c, 


Pti 


where  p^ 


2 


is  the  total  head  aft  of  the  shock,  pj-j^ 


p„  =  total  head  ahead  of 


the  shock.  The  variation  ofcr  and  K  along  the  height  y/t  are  plotted  in 
Figure  22.  The  momentum  loss  of  the  air  through  the  shock  wave  can  be 
computed,  following  a  similar  procedure  described  in  Reference  104.  The 
static  pressure  P2  aft  of  the  shock  changes  adiabatically  till  it  finally 


reaches  the  undisturbed  value  p,^.  The  Mach  number  at  infinity  aft  of  the 


shock,  M2,  is  defined  by 


1  + 


=  ( 


V-i 

Po  " 


p . 


(1  +  .2  M 


The  temperature  at  infinity  is 


T 


3 


T 


o 


1  + 


T 

o 


1  + 


K 


K 


111 

Y 


since  th>!  total  temperature  remains  constant  through  the  shock.  The  velocity 
U2  at  irfinity  is  given  by 


2  2 
U3  .2  113'^  T3 

.2 


(1  +  .2  M 


1 


III 

Y 


U 


3 


2 


1 


.2  M 


(K 


III 

Y 


1). 


-436- 


(I)  Effect  of  Leading  Edge  Bluntness  on  Wake  Drag  (Continued) 


The  momentum  loss  of  the  air -within  an  element  of  height  d 


1 

t 


is  equal  to 


0 

rr> 


(1 


V 

t" 


and  the  momentum  loss  between  the  height  y  =  0  and  y  =  h  is  proportional 
to  the  integral 


I  (b  =  j  (1  -  4^)  d  I 

t  I  U  t 

O 

The  corresponding  drag  coefficient  referred  to  freestream  dynamic  pressure 
and  chord  length  c  is  equal  to 


CD(h)  =  2  I  I  (7). 

U3  h  h 

The  functions  1  -  —  and  I  (•^)  are  plotted  vs  -  in  Figure  23, 

The  validity  of  this  approach  can  be  verified  by  checking  some 
of  the  test  results  of  Reference  101,  which  contains  measurements  of  the  lami¬ 
nar  boundary  layer  on  a  flat  plate  v;ith  differp.t  leading  edge  thicknesses  at 
Hach  number  M  =  3,05  and  a  chordwise  station  x  -  1,75  inches,  =  C.""'  x  10^, 
The  measured  wake  drag  coefficient,  Cp^Ct),  for  a  given  leading  edge  thickness 
t  should  include,  according  to  the  above  analysis,  a  contribution 


where  =  *184  is  the  asymptotic  value  of  1(7)  shown  in  Figure  23, 

TTlaX  L 

Therefore, 


CD,,(t=0)  =  C|^,(L)  -  '.Cn  = 

should  be  the  wake  drag  coefficient  extrapolated  to  zero  leading  edge  thickness. 
The  measured  data,  shown  in  Figure  7  of  Ref erence  101 ,  and  the  present  cor¬ 
rections  are  listed  below: 
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(I)  Effect  of  Leading  Edge  Bluntness  on  Wake  Drag  (Continued) 


_3 

Leading  edge  thickness,  t,  10  in. 

0.3 

5.7 

11.7 

Measured  wake  drag  coefficient,  Cp^(t) 

.0018 

.0029 

.0042 

Drag  correction,  ACp  =  *'^'^'^5" 

.0001 

.0012 

.0024 

Drag  coefficient  at  t  =  0, 

.0017 

.0017 

.0018 

The  extrapolated  value  of  Cjj^(t=0)  =  ,0017  is  slightly  higher  than  the 
theoretical  value  at  the  same  Mach  and  Reynolds  numbers,  rCD^^(t=0) 


theor 


.0014 


The  contributions  of  the  shock  momentum  loss  in  the  wake  drag  of 
a  suction  plate  can  now  be  estimated.  The  total  amount  of  sucked  air  represents 
a  height  h^  of  freestream  air  given  by 


The  height  h|, .  of  freestream  air  corresponding  to  the  mass  flovj  through  the 
boundary  layer  at  the  rake  location  is  equal  to 


hi,,  =  5.5 

“  ^  ''tf 

vjhere  ’  is  the  total  thickness  of  the  boundary  layer  and  the  displacement 
thickness.  Therefore,  the  momentum  loss  from  the  shock  vmve  between  the 
heights  h^  and  hj.  +  h^, .  is  included  in  the  v;ake  drag  analysis,  or 


^Dshock  "  (^s  +  '■‘b,;)  -  (hg) 


The  numerical  values  for  a  fev?  test  points  at  M  =  3.0  are  listed  in  the  table 
shovm  on  the  follov;ing  page. 

The  m.omentum  loss  due  to  the  detached  shock  wave,  which  is 
included  in  the  wake  drag  evaluation  of  the  m.easured  boundary  layer  profile, 
amounts  to  about  10  percent  of  the  wake  drag  coefficient  for  the  examples 
selected.  This  amount  is  rather  low  since  a  large  portion  of  the  air  with 
the  high  momentum  is  sucked  into  the  plate. 
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(I)  Effect  of  Leading  Edge  Dluntness  on  Uake  Drag  (Continued) 


Chord 

40.23 

40.23 

40.23 

31.4 

lO"^  Rc 

25.69 

18.21 

12.96 

14.04 

10^  Ct.Tj. 

2.374 

2.184 

2.580 

2.280 

hg  (in) 

.00955 

.00878 

.01038 

.0072 

0  (in) 

.060 

.080 

.090 

.060 

0*  (in) 

.027 

.040 

.044 

.025 

hb/.  (in) 

/j 

.033 

.040 

.046 

.035 

10^  Co  (hg) 

.416 

.393 

.438 

.437 

lO"^  Co  (hg  +  hb  , 

.637 

.638 

.639 

.812 

10^  Cn 

.221 

.245 

.201 

.375 

,  shock 

10"  Oo,, 

2.101 

2.740 

3.718 

2.582 

100 

10.52 

8.94 

5.41 

14.52 

The  chordwise 

development  of  hg(x) 

and  hb,(x) 

^  X/ 

is  plo' 

Figure 

results 


24  for  the  case  of  the  first  example  listed  in  the  above  table,  hg(x) 
from  the  measured  suction  distribution;  hb,,(x)  was  developed  from 

Ay 


a  theoretical  boundary  layer  calculation  under  conditions  similar  to  the  test 
case.  Since  the  streamlines  entering  the  outer  edge  of  the  boundary  layer  at 
any  chordv/ise  station  x  have  a  distance  hg(x)  +  hj^.(x)  from  the  centerline 

ahead  of  the  shock,  the  actual  total  head  loss  -  can  be  plotted  vs  x  by 

Ptl 


combining  Figures 
includes  the  local 


22  and  24,  The  result  is  shovm  in  Figure  25-1,  which  also 
Mach  number  as  a  function  of  — -  .  The  Mach  number  at  the 


P  , 


outer  edge  of  the  boundary  layer  decreases  from  the  freestream  value  3,0  near 
the  trailing  edge  of  the  model  to  a  value  of  2,3  near  the  leading  edge.  This 
large  variation  along  the  chord  and  the  velocity  gradient  of  the  external  flow 
perpendicular  to  the  flow  direction  make  it  quite  obvious  that  the  simple 
superposition  of  the  effects  of  the  flat  plate  boundary  layer  and  the  detached 
shock  wave  as  described  above  can  only  be  considered  as  a  first  approximation 
to  the  problem. 


( J)  Conclus ions 


Boundary  layer  suction  experiments  on  a  flat  plate  v;ith  76 
suction  slots  provided  the  follov;ing  results: 


(1) 

tunnel  pressures  at 
Reynolds  numbers  of 


Full  chord  laminar  flow  was  obtained  up  to  the  maximum 
Mach  num.bers  3.0  and  3.5,  resulting  in  maximum  length 
25.7  X  10^  at  I!  =  3.0  and  21.4  x  10^  at  M  =  3.5. 
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(J)  Conclusions  (Continued) 


(2)  The  total  suction  weight  flow  coefficients  required  were 
between  2  and  3  x  10“^. 

(3)  The  measured  minimum  drag  coefficients  were  between  28 
and  43  percent  of  the  friction  coefficients  of  a  turbulent  plate, 

(4)  Comparison  of  the  measured  data  with  the  results  of 
theoretical  boundarj’  layer  calculations  shows  that  the  measured  boundary 
layer  thicknesses  and  wake  drag  coefficients  are  about  40  to  80  percent 
larger  than  the  theoretical  data  computed  for  the  sam.e  total  suction 
coefficients . 

(5)  Two  reasons  for  this  discrepancy  are  discussed: 

(a)  the  possibility  of  a  spanwise  contamination  of  the 
laminar  boundary  layer  in  the  center  portion  of  the 
plate  from  the  adjacent  turbulent  areas; 

(b)  the  effect  of  the  detached  shock  wave  from  the 
blunt  leading  edge  of  the  plate  which  is  not  included 
in  the  theoretical  analysis. 

(K)  Addendum~-Additional  Low  Drag  Boundary  T.ayer  Suction 

Experiments  on  a  Flat  Plate  at  Mach  Numbers  2,5,  3,0, 

and  3,5 

The  flat  plate  suction  model  which  was  tested  during  July  1961, 
at  the  AEDC  Tunnel  A  was  installed  again  in  April  1962  for  shock  interaction 
measurements  (Section  II,  Part  2,  Chapter  A-b),  A  few  drag  measurements  were 
conducted  before  the  shock  generator  was  installed,  they  provided  the  folloxj- 
ing  results: 


(1)  In  order  to  check  the  repeatability  of  the  experimental 
data,  a  few  points  were  recorded  at  similar  conditions  as  in  the  original 
program.  The  drag  coefficients  agreed  with  the  corresponding  old  data  within 
a  few  percent  (see  the  first  four  test  points  in  Table  II), 

(2)  Drag  and  suction  measurements  were  conducted  at  H  =  2,5 
and  several  Reynolds  numbers.  The  wake,  suction  and  total  drag  coefficients 
are  plotted  vs  total  suction  coefficient  in  Figure  25-2  the  resulting  minimum 
total  drag  and  optimum  total  suction  coefficients  are  included  in  Figure25-5. 
Laminar  flow  was  maintained  up  to  the  maximum  tunnel  pressure  corresponding  to 
a  length  Reynolds  number  of  21,8  x  10°.  The  minimum  total  drag  coefficient  was 
about  26  percent  of  the  friction  coefficient  of  a  turbulent  plate  at  Reynolds 
numbers  around  20  x  10^. 

(3)  More  data  were  collected  with  the  rake  in  further  forward 

positions,  =  31.4  Inches  at  the  end  of  suction  chamber  7  and  =  23,7 

inches  at  the  end  of  suction  chamber  6.  One  test  point  was  mentioned  on  first 


(K)  Addendum- -Additional  Low-Drag  Boundary  Layer  Suction 
Experiments  on  a  Flat  Plate  at  Mach  Numbers  2,5,  3.0, 
and  3«5  (Continued) 

page  of  Section  H  which  had  a  considerably  lower  wake  drag  than  was  measured 
at  the  most  aft  position  of  =  40,2  inches  at  the  end  of  suction  chamber 

8.  Since  the  spanwise  extent  of  the  slotted  area  decreased  toward  the  trail¬ 
ing  edge  of  the  model,  the  possibility  of  a  spanwise  contamination  of  the 
laminar  region  from  the  adjacent  turbulent  portions  of  the  model  was  discussed 
as  a  possible  reason  in  part  (H)  above.  The  additional  experimental  evidence 
presented  in  Figures  25-3  and  25-5  confirms  the  above  observation.  The  reduc¬ 
tion  in  at  M  =  3,0  and  ~  14  x  10^  is  of  the  order  of  more  than  25  per¬ 
cent  when  the  rake  is  located  at  x  =  23,7  and  31,4  inches  instead  of 
Xrake  “  inches.  The  minimum  total  drag  coefficient  at  M  =  3.0  and 

Rx  =  14  X  10^  is  reduced  from  6.15  x  10”^  at  =  40,2  inches  to  5.10  x  lO"^ 

at  “  31,4  inches  at  a  simultaneous  reduction  of  the  optimum  total  suction 

coefficient  from  2,4  x  10”^  to  2,2  x  10“^, 

The  effect  was  less  pronounced  at  M  =  3.5.  Figure  25-4 
shows  that  the  breakdown  of  the  laminar  flow  was  delayed  to  lower  suction  quan¬ 
tities  at  the  more  forward  rake  position.  The  reduction  of  the  minimum  total 
drag  coefficient  was  about  3  percent,  of  the  optimum  total  suction  coefficient 
about  6  percent. 


(4)  All  performance  measurements  on  the  flat  plate  suction 
model  are  summarized  in  Figure  25-5,  The  minimum  total  drag  and  optimum  total 
suction  coefficients  are  plotted  vs  length  Reynolds  number  at  Mach  numbers 
2,5,  3,0  and  3,5  and  compared  with  the  friction  coefficients  of  a  laminar  and 
turbulent  plate.  The  drag  reduction  by  means  of  boundary  layer  suction  through 
many  fine  slots  is  of  the  following  order  of  magnitude;  the  total  drag  coeffi¬ 
cients  of  the  suction  model  at  length  Reynolds  numbers  around  20  x  10^  and  Mach 
numbers  2.5,  3.0  and  3,5  are  26,0,  29,5  and  38.5  percent  of  the  friction  coeffi¬ 
cients  of  a  turbulent  plate,  respectively. 


b.  BOUNDARY  LAYER  SUCTION  EXPERIMENTS  ON  A  SLOTTED  FLAT  PLATE  MODEL 
VrtTH  INTERFERING  SHOCK  WAVES 


E.  E.  Groth 


(A)  Summary 

The  Interaction  of  an  impinging  shock  wave  with  the  laminar 
boundary  layer  was  Investigated  at  the  AEDC  Tunnel  A  on  a  4l->lnch  chord  flat 
plate  suction  nnodel  by  mounting  a  plate  (shock  generator)  vertically  on  the 
suction  model.  The  shock  wave  Intersected  the  suction  slots  in  the  rear  half 
of  the  model  under  an  acute  angle.  The  flat  plate  model  and  its  suction  sys¬ 
tem  were  the  same  ones  which  were  used  previously  for  shock-free  low-drag 
measurements. 


Laminar  flow  was  maintained  aft  of  the  shock  wave  up  to  certain 
intensities  depending  on  Mach  and  Reynolds  number.  The  increases  in  suction 
quantities  and  total  drag  as  function  of  the  shock  intensity  were  measured  at 

Mach  numbers  between  2.5  and  3.5  and  Reynolds  numbers  up  to  26  x  10  . 

(B)  Notation 


b 


k 


average  span  of  slots  in 


chamber 


c 


^Dt 


reference  chord  length,  most  rearward  location  of  boundary 
layer  rake  (c  =  40.23  Inches) 


suction  drag  coefficient 
total  drag  coefficient  ^ 

wake  drag  coefficient  j 


referred  to  freestream  dynamic 
pressure,  unit  span  and  refer¬ 
ence  chord 


Cj  friction  drag  coefficient 


W  th 

C  -s  k _ =  suction  weight  flow  coefficient  of  k  suction 

^  P_g  ^  chamber 

CO  m  IV 


®  =  total  suction  coefficient 

M  Mach  number 

p  static  pressure 

q  dynamic  pressure 


(B)  Notation  (Continued) 


R  Reynolds  number 

Uo,  c 

R  =  _  =  reference  Reynolds  number 

^  V 

CO 

u  velocity  Inside  boundary  layer 

U  potential  flow  velocity 

suction  weight  flow  through  chamber 

X  coordinate  along  plate 

y  coordinate  perpendicular  to  plate 

U  viscosity 

u  =  -li—  kinematic  viscosity 

P 

p  density 


Subscripts 

c  chordwise  station  c 

k  running  parameter,  k  =  1,....8 

X  chordwise  station  x 

o  stagnation 

00  freestream 

1  condition  ahead  of  shock  wave 

2  condition  aft  of  shock  wave 

(C)  Introduction 


Laminar  flow  and  low  drag  coefficients  were  obtained  at  super¬ 
sonic  speeds  and  high  length  Reynolds  numbers  by  means  of  boundary  layer 
suction.  The  experiments  conducted  thus  far  (e.g.,  Chapter  A-a  of  this  section) 
were  restricted  to  surfaces  which  were  free  of  impinging  shock  waves.  On  an 
actual  airplane  cruising  at  supersonic  speeds,  shock  waves  originating  from  the 
fuselage  or  nacelles  can  Intersect  the  wing.  Therefore,  the  problem  has  to  be 
Investigated  whether  laminar  flow  can  be  maintained  In  the  presence  of  Inter¬ 
fering  shock  waves. 
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(C)  Introduction  (Continued) 


The  two-dimensional  problem  of  the  interaction  of  an  oblique 
shock  wave  with  a  laminar  boundary  layer  has  been  investigated  frequently. 

A  summary  of  the  experimental  and  theoretical  results  is  included  in  Reference 
19.  At  a  certain  pressure  ratio,  the  shock  wave  causes  separation  of  the 
laminar  boundary  layer  near  the  impingement  point,  but  the  boundary  layer 
remains  laminar.  At  higher  pressure  ratios,  the  boundary  layer  becomes  tur¬ 
bulent  after  re-attachment.  One  experimental  study  has  been  conducted  in  the 
presence  of  boundary  layer  suction  through  fine  slots  (Reference  18,  also 
described  in  Reference  19).  Boundary  layer  suction  delays  the  beginning  of 
separation  to  higher  shock  intensities,  reduces  the  size  of  the  separation 
area,  and  delays  the  beginning  of  turbulent  re-attachment  to  stronger  shocks. 
The  results  of  these  tests  can  briefly  be  summarized  as  follows  (page  1204  of 

Reference  19 )•  The  tests  were  conducted  on  a  flat  plate  model  at  M  =  2.0, 

6 

the  Reynolds  number  at  the  impingement  point  was  0.5  x  10  ,  and  the  following 
pressure  ratios  were  measured  through  the  shock: 

No  Suction  With  Suction 

Beginning  of  boundary  layer  separation  1.20  1.62 

Beginning  of  turbulent  re-attachment  1.45  1.66 

The  first  boundary  layer  suction  experiments  involving  a  three- 
dimensional  shock  wave  interaction  are  described  in  the  following  report. 


(D) 


Description  of  the  Test  Configuration  and  Objective  of  the 
Test  Program 


The  present  shock  interaction  experiments  were  conducted  on  the 
flat  plate  suction  model  which  had  been  used  previously  for  low  drag  and  suc¬ 
tion  measurements  at  AEDC  Tunnel  A  (Chapter  A-a  of  this  section).  The  impinging 
shock  wave  was  provided  by  a  small  flat  plate  (shock  generator)  mounted  verti¬ 
cally  on  the  model.  A  sketch  of  the  configuration  is  shown  in  Figure  26,  photo¬ 
graphs  of  the  model  installation  in  the  wind  tunnel  are  presented  in  Figures  27 
and  28.  The  angle  of  attack  of  the  shock  generator  was  adjustable  from  outside 
while  the  tunnel  was  in  operation.  The  location  and  size  of  the  shock  generator 
were  determined  by  the  requirements  that  the  movable  boundary  layer  rake  in  its 
most  forward  position  had  to  be  ahead  of  the  shock  wave  and  constant  flow  condi¬ 
tions  had  to  exist  to  the  rear  end  of  the  suction  area. 

The  shock  wave  intersected  the  suction  slots  under  an  angle,  the 
last  four  suction  chambers  were  affected  by  this  interference  and,  therefore, 
had  non-uniform  inflow  (Figure  29).  Since  the  suction  quantities  are  propor¬ 
tional  to  the  pressure  difference  between  external  surface  and  suction  chamber, 
more  air  was  sucked  through  the  portion  of  the  slots  aft  of  the  shock  wave  than 
ahead  of  it. 


One  alternative  configuration  was  investigated  for  the  following 
reason:  since  the  shock  generator  was  mounted  outside  the  suction  area,  it 

was  actually  standing  in  turbulent  air.  The  shock  wave  near  the  model  surface 
was,  therefore,  passing  through  the  thick  turbulent  boundary  layer  before  it 
reached  the  laminar  flow  inside  the  suction  area.  In  order  to  investigate  the 
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(D)  Description  of  the  Test  Configuration  and  Oblectlve  of  the 
Test  Program  (Continued) 

the  possibility,  whether  the  test  results  were  affected  by  this  discontinuity 
In  the  path  of  the  shock  wave,  the  shock  generator  was  mounted  inside  the  suc¬ 
tion  area  at  a  fixed  angle  of  or  =  1.86*’.  The  exact  locations  of  the  shock 
generator  and  shock  waves  at  several  Mach  numbers  are  shown  in  Figures  30  and 
31  for  the  two  configurations  selected. 

The  present  test  setup  was  selected  to  provide  experimental  evi¬ 
dence  on  the  following  questions:  (1)  how  much  increase  in  suction  quantities 
is  required  and  what  are  the  drag  penalties  in  order  to  maintain  laminar  flow 
through  weak  shock  waves;  (Z)  what  are  the  maximum  shock  intensities  which  can 
be  tolerated  without  losing  laminar  flow.  The  tests  were  conducted  at  Mach 

numbers  between  2.5  and  3.5  and  length  Reynolds  numbers  up  to  25  x  10  .  It  is 
Important  to  emphasize  that  the  suction  system  was  the  same  as  had  been  used  for 
the  shock-free  drag  measurements  and  had  not  been  modified  for  the  particular 
conditions  of  the  present  program. 

(E)  Presentation  of  Test  Results 


The  tests  were  conducted  at  AEDC  Tunnel  A  in  April  1962  with 
S.  R.  Pate  as  project  engineer  (Reference  106),  The  tests  with  the  adjustable 
shock  generator  were  conducted  in  the  following  way.  Laminar  flow  was  estab¬ 
lished  at  a  given  Mach  and  Reynolds  number  with  the  shock  generator  at  zero 
degree  and  the  rake  in  its  most  rearward  position  (x  =  40.2  inches)  by  means  of 
moderate  suction  (slightly  higher  than  optimum  suction).  Then  the  shock  genera¬ 
tor  was  turned  to  a  small  angle  of  attack.  If  laminar  flow  was  lost,  suction 
was  Increased  to  re-establish  laminar  flow.  Finally,  a  shock  generator  angle 
was  obtained  where  laminar  flow  could  not  be  provided  anymore  in  spite  of  high 
suction. 


With  the  shock  generator  mounted  in  the  fixed  position  inside  the 
suction  area,  laminar  flow  was  established  ahead  of  the  shock  wave  (station 
X  =  23.7  inches)  and  then  the  rake  moved  aft.  When  laminar  flow  was  lost,  suc¬ 
tion  was  Increased.  Because  of  the  large  number  of  parameters  involved,  it  was 
not  possible  to  record  several  suction  distributions  for  each  configuration  in 
order  to  determine  the  minimum  total  drag  and  optimum  total  suction  coefficients. 
It  was  tried  during  the  tests  that  each  suction  distribution  adjusted  was  close 
to  its  optimum. 

The  shock  intensity  was  determined  in  two  ways.  Since  the  shock 
generator  deflection  was  known,  the  pressure  rise  could  be  established  from  the 
theoretical  shock  relations  (Figure  32).  A  few  static  pressure  orifices  in 
the  rear  half  of  the  model  provided  immediately  the  measured  pressure  rise.  If 
Pj^  is  the  static  pressure  on  the  model  ahead  of  the  shock  wave,  P2  the  value  aft 
of  it,  and  p^^.  the  static  pressure  of  the  undisturbed  freestream,  then  the  accu¬ 
racy  of  the  pressure  measurements  can  be  seen  from  the  following  table. 
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(E)  Presentation  of  Test  Results  (Continued) 


1  2.489 

2.989 

3.50 

Adjustable  shock  genera- 

Pi 

Tl.016  ±  .020 

ri.039  ±  .015 

1.015  ±  .010 

tor  mounted  outside 
suction  area 

Pc 

ll.009  ±  .009 

ll.003  ±  .013 

Fixed  shock  generator 
mounted  inside  suc¬ 
tion  area 

Both  shock  generator 

Pi 

p® 

p,  p. 

1.046  ±  .020 

rl.088  ±  .030 

|l.059  ±  .020 
1.028  ±  .010 

1.008  ±  .010 

i 

installations 

(_2).  .  (_2) 

Pi  Pi 

exp  ^  theor 

-.01 

+.02 

-.01 

i 

The  different  readings  of  Pi^P^  in  the  table  were  established  during  different 
runs  of  the  tunnel.  The  higher  pressure  ratios  of  (ahead  of  the  shock 

wave)  with  the  shock  generator  Installed  inside  the  suction  area  at  M  =  2.5  and 
3.0  cannot  be  explained.  The  difference  between  the  theoretical  and  experimental 
values  of  the  pressure  ratio  through  the  shock  might  have  been  caused  by  small 
zero-shifts  of  the  shock  generator. 

The  drag  and  suction  coefficients  are  reduced  in  the  usual  form. 
They  are  referred  to  undistributed  freestreara  conditions  and  the  chordwise  dis¬ 
tance  of  the  rake,  The  total  drag  is  defined  as  the  sum  of  rake  and 

suction  drag, 


^Dt  “ 


The  test  results  are  presented  as  curves  of  and 


vs  shock 


intensity,  P2/Pp  for  fixed  Mach  and  Reynolds  numbers  and  the  rake  in  its  most 
rearward  position,  =40.2  inches  (Figures  33  to  38).  The  test  points 


represent  the  data  obtained  with  the  adjustable  shock  generator  mounted  outside 
the  suction  area  and  include  the  one  test  point  of  the  fixed  shock  generator 
installed  inside  the  suction  area.  The  values  at  Po^Pi  =  are  the  minimum 

total  drag  and  optimum  total  suction  coefficients  obtained  in  shock-free  laminar 
flow  (Chapter  A-a  of  this  section).  Figures  39  to  42  present  plots  of  Cq^  and 

*'Wt  chordwise  distance,  given  Mach  and  Reynolds  numbers.  The 

data  for  the  fixed  shock  generator  at  or  =  l.SS**  are  compared  with  those  for  the 
adjustable  shock  generator  at  an  angle  n  =  2.0°.  The  location  where  the  shock 
wave  intersected  the  center  of  the  suction  area  (rake  location)  is  marked  on  the 
graphs.  The  curves  abend  of  the  shock  location  were  faired  into  the  values  of 
the  minimum  drag  and  optimum  suction  coefficients  of  the  shock  free  tests. 


(F)  Discussion  of  Test  Results 


The  test  data  presented  in  Figures  33  to  38  show  an  increase  of 
the  total  drag  and  suction  coefficients  with  increasing  shock  intensity.  The 
effects  of  Mach  and  Reynolds  numbers  on  these  data  can  be  observed  by  plotting 
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(F)  Discussion  of  Test  Results  (Continued) 


I 

I 

I 


1  9 

I 


« 


the  drag  rise. 


min 


,  and  the  suction  increase, 


) 

t  opt 


versus  shock 


intensity,  P2/Pl»  the  Mach  numbers  2.5  and  3.0  and  the  different  Reynolds 

numbers  (Figure  43).  At  both  Mach  numbers,  an  increase  in  Reynolds  number 
caused  higher  drag  increases  at  approximately  the  same  suction  quantities,  only 
at  M  =  3.0  the  two  high  Reynolds  number  tests  provided  nearly  identical  results. 
The  test  results  at  M  =  3.0  were  more  favorable  than  at  M  =  2.5,  laminar  flow 
was  maintained  at  higher  shock  intensities  and  lower  drag  and  suction  penalties 
at  M  =  3.0  than  at  M  =  2.5.  Typical  numerical  values  are  as  follows:  at  M  =  2.5 
6 

and  R  =  19.9  X  10  ,  an  increase  in  suction  of  60  percent  and  in  drag  of  25  per¬ 
cent  was  required  to  maintain  laminar  flow  behind  a  shock  wave  of  a  pressure 
ra..lo  P2/P1  "  1.08,  corresponding  to  a  two-dimensional  corner  angle  of  o  =  1.15°. 

At  M  =  3.0  and  R  =  19.0  or  26.4  x  10^,  an  increase  in  suction  of  40  percent  and 
in  drag  of  20  percent  was  required  in  the  presence  of  a  shock  wave  of  pressure 
ratio  1.13,  or  two-dimensional  corner  angle  of  o  =  1.60°.  At  M  =  3.0, 

R  =  11.0  X  10^  and  the  same  pressure  ratio  and  suction  increase,  the  drag 
penalty  was  only  10  percent.  The  test  data  at  M  =  3.5  (Figure  38)  were  not 
Included  in  this  analysis  since  not  enough  air  could  be  sucked  through  the 
model  at  this  Mach  number;  the  maximum  suction  quantities  available  were  only 
15  percent  higher  than  the  optimum  suction  coefficients  in  shock-free  flow. 


The  higher  suction  requirements  and  drag  penalties  at  M  =  2.5  are 
caused,  to  a  certain  extent,  by  the  present  test  configuration.  Figure  30 
shows  that  the  shock  wave  at  M  =  2.5  is  about  3.5  inches  ahead  of  the  shock  at 
M  =  3.0,  so  that  a  larger  portion  of  the  suction  area  is  exposed  to  the  shock 
disturbance  at  M  =  2.5  than  at  M  =  3.0.  If  the  comparison  between  the  two 
Mach  numbers  is  conducted  at  the  same  chordwlse  distance  from  the  shock  inter¬ 
section,  then  the  data  at  M  =  3.0  and  x/c  =  1.00  have  to  be  compared  with  those 
at  M  =  2.5  and  x/c  =  0.91.  Figures  39  and  40  show  a  considerable  reduction  of 
the  drag  and  suction  coefficients  at  the  more  forward  station. 


The  shock  generator  installed  Inside  the  suction  area  produced 
higher  drag  coefficients  than  the  one  installed  outside  the  slotted  area 
(Figures  33  to  38).  If  expressed  in  shock  intensities,  the  same  drag  coef¬ 
ficients  were  measured  at  slightly  lower  shock  intensities;  the  difference  in 
P2/P1  was  approximately  of  the  order  0.02.  Figures  39  to  42  also  show  con¬ 
sistently  higher  drag  data  for  the  shock  generator  inside  the  suction  area  at 
about  the  same  total  suction  coefficients  as  for  the  shock  generator  mounted 
outside. 


The  four  test  points  at  M  =  .0,  =  26.4  x  10^,  x  =  40.2  Inches 

(Figure  37)  which  were  recorded  at  the  shoe  generator  angles  a  =  0,  1.0,  1.5 
and  2.0®  were  selected  to  show  the  change  in  l  ?e  chordwise  variation  of  the 
suction  distribution  with  increasing  shock  intensity.  The  local  suction  in¬ 
flow  coefficients 
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(F)  Discussion  of  Test  Results  (Continued) 

(Figure  44)  in  the  area  of  the  shock  impingement  and  immediately  ahead  of  it 
(chambers  4  to  7)  were  increased  up  to  a  factor  2  at  the  higher  shock  genera¬ 
tor  angles,  while  the  front  portion  of  the  model  remained  nearly  unchanged. 
The  maximum  values  of  f^  in  the  last  three  chambers  were  the  highest  values 
which  could  be  provided  with  the  pre&ent  suction  arrangement. 

The  measured  boundary  layer  velocity  profiles  at  station  40.2 
for  these  four  test  conditions  are  plotted  in  Figure  45.  Thin  laminar  pro¬ 
files  were  measured  at  a  =  0  and  1"^,  the  profile  at  o'  =  1.5°  is  still  as  thin 
as  the  laminar  ones,  the  increase  of  the  velocity  near  the  wall  Indicates 
beginning  transition,  the  profile  at  or  =  2°  is  fully  turbulent. 

(G)  Cone lusions 


A  shock  generator  was  installed  vertically  on  a  41- inch  chord 
flat  plate  suction  model  which  was  used  previously  for  low-drag  and  suction 
measurements  in  shock-free  flow.  The  shock  wave  intersected  the  suction  slots 
in  the  r;iar  half  of  the  model'.  Laminar  flow  was  maintained  over  the  whole 
chord  length  of  the  model  at  Increased  suction  and  drag  coefficients  for  cer¬ 
tain  shock  intensities  depending  on  Mach  and  Reynolds  number. 

At  M  =  3.0  and  length  Reynolds  numbers  of  19  and  26  x  10^,  lami¬ 
nar  flow  was  maintained  through  a  shock  wave  of  pressure  ratio  1.13  (flow 
deflection  angle  a  =  1.6®)  by  Increasing  the  suction  by  40  percent  beyond  the 
optimum  suction  coefficient  in  shock  free  flow  which  resulted  in  an  increase 
of  the  total  drag  coefficient  by  20  percent  beyond  its  minimum  value.  The 

same  shock  wave  at  R  =  11  x  10^  caused  only  a  10  percent  drag  rise. 

At  M  =  2.5  and  R  =  20  x  10^,  full  chord  laminar  flow  was  main¬ 
tained  at  a  shock  intensity  of  P2/P1  =  1*08  (deflection  angle  1.15°)  by  in¬ 
creasing  suction  by  60  percent  which  provided  a  25  percent  increase  of  the 
total  drag. 


These  results  were  obtained  with  the  slot  arrangement  designed 
for  shock-free  flow.  It  is  expected  that  an  increase  of  the  local  suction 
quantities  in  the  immediate  vicinity  of  the  location  of  the  shock  wave  would 
produce  more  f'jvorable  results. 


CHAPTER  B.  LOW  DRAG  BOUNDARY  L.\YER  SUCTION  EXPERIMENTS  AT  SUPERSONIC  SPEEDS 
ON  AN  OGIVE  CYLINDER  WITH  29  CLOSELY  SPACED  SLOTS 


E,  E.  Groth 
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(B)  Summary 


Low  drag  boundary  layer  suction  experiments  on  an  ogive  cylinder 
were  conducted  at  the  Arnold  Engineering  Development  Center  supersonic  Tunnel 
E-1  at  Tullahoma,  Tennessee,  at  Mach  nimbers  2.5,  3.0  and  3.5.  The  model  had 
the  same  external  dimensions  as  the  one  tested  In  1958,  but  was  equipped  with 
an  improved  suction  system.  A  larger  number  of  closely  spaced  slots  approached 
continuous  suction  to  a  better  degree,  and  larger  suction  tubes  permitted  higher 
suction  coefficients.  Full  laminar  flow  and  drag  coefficients  were  measured  up 


to  Reynolds  numbers  R^  ~  15  x  10^  at  M  =  2.5,  R^^  ~  12  x  10^  at  M  *  3.0  and 
Rl  ~  7  X  10^  at  M  «=  3.5. 


The  boundary  layer  development  along  the  body  was  computed  for 
several  experimental  suction  and  surface  pressure  distributions  and  the  results 
were  compared  with  the  test  data. 

(C)  Notation 

X  coordinate  along  model  axis 

x'  arc  length  along  model  surface 

L  *=  18.8  inches;  length  of  model,  location  of  boundary  layer  rake 
y  coordinate  perpendicular  to  model  axis 
r  radius  of  model 

M  Mach  number 

U  potential  flow  velocity 

u  velocity  inside  boundary  layer 
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(C)  Notation  (Continued) 
p  static  pressure 

p  density 

T  temperature 

[Jk  viscosity 

u  kinematic  viscosity 

R  Reynolds  number 

W  suction  weight  flow  (Ib/s) 


W 

8  A 

00  "  00 


suction  weight  flow  coefficient 


Cdw 

^Ds 

"Dt 

Cf 


wetted  surface  area  (A  »  144«0 
wake  drag  coefficient  j 

suction  drag  coefficient  j 

total  drag  coefficient  f 

friction  drag  coeffiCi.ent  , 


in 


for  L  «  18,8  inches) 


referred  to  freestream  dynamic 
pressure  and  wetted  surface 


9  momentum  thickness 

'ft 

6  displacement  thickness 

6* 

H  _  =  boundary  layer  form  parameter 

h  height  of  roughness  particle 


Subscripts 
o  stagnation 

CO  freestream 

L  station  x  *>  L 

T  Transition 

w  wall  condition 
1  outer  edge  of  boundary  layer 
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(C)  Notation  (Continued) 

h  height  of  roughness  particle 

s  suction  chamber  inside  model 

b  suction  box 

n  measuring  nozzle 

k  running  parameter;  k  =  1,  2,  3,  4 

Other  symbols  are  defined  in  the  body  of  the  report. 

(D)  Introduction 

The  low  drag  boundary  layer  suction  experiments  on  an  ogive 
cylinder  which  were  conducted  in  1958  at  the  Arnold  Engineering  Development 
Center  Tunnel  E-1  at  ARO,  Inc.,  Tullahoma,  Tennessee,  resulted  in  full  length 
laminar  flow  over  a  rather  linrited  range  of  length  Reynolds  nimbers  at  Mach 
numbers  2.5,  3.0  and  3.5  (Reference  123).  In  order  to  investigate  the  effect 
of  an  improved  suction  system  on  the  test  results,  a  new  model  of  the  same 
geometric  dimensions  but  equipped  with  more  slots  and  larger  suction  tubes 
was  built  and  tested  in  the  same  wind  tunnel  during  February  and  March  1981. 

(E)  Description  of  the  Model 

The  model  was  a  20-caliber  ogive  cylinder  with  a  maximum  diameter 
of  3.25  inches;  the  length  of  the  ogive  was  14.443  inches.  It  was  built  and 
mounted  in  the  wind  tunnel  in  the  same  way  as  described  in  Reference  123  for  the 
old  model  tested  in  1958.  The  only  difference  between  the  two  models  consisted 
in  the  suction  system.  Continuous  suction  was  approached  more  efficiently  on 
the  new  model  by  reducing  the  distance  between  consecutive  slots.  The  new  model 
had  a  total  of  twenty-nine  slots  located  between  stations  4.5  and  18.5  inches 
at  a  constant  spacing  of  0.5  inch  and  arranged  in  four  suction  chambers,  com¬ 
pared  to  only  twelve  slots  between  stations  5.0  and  18.0  at  spaclngs  varying 
between  1.4  and  1.0  inches  for  the  old  model.  By  eliminating  unnecessary  in¬ 
strumentation  lines,  it  was  possible  to  Increase  the  diameter  of  the  suction 
tubes  which  removed  the  sucked  air  from  the  suction  chambers  so  that  the  pres¬ 
sure  loss  of  the  sucked  air  was  reduced  and  larger  quantities  could  be  sucked. 
The  new  model  had  tube  diameters  of  0.75  inch  to  station  29.5  inches  and  1.00 
inch  aft  of  station  31.0  compared  to  diameters  of  0.50  and  0.75  inch,  respec¬ 
tively,  for  the  old  model. 

The  suction  air  from  the  four  chambers  was  ducted  to  four  suc¬ 
tion  boxes  outside  the  tunnel  where  the  suction  quantities  were  adjusted  manu¬ 
ally  and  measured  through  calibrated  nozzles. 

A  total  head  rake  of  seven  probes  was  mounted  aft  of  the  last 
slot  to  measure  the  boundary  velocity  profile  from  which  the  wake  drag  was 
evaluated. 
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(E)  Description  of  the  Model  (Continued) 

A  sketch  of  the  model  and  a  photograph  of  the  model  mounted  in 
the  wind  tunnel  are  shown  in  Figures  46  and  47.  Some  of  the  slot  dimensions 
are  listed  in  Table  III. 

(F)  Measurements  and  Data  Reduction 

The  tests  were  conducted  at  the  AEDC  Tunnel  E-1  of  the  von  Karman 
Gas  Dynamics  Facility  of  ARO,  Inc.,  Tullahoma,  Tennessee,  with  W.  T.  Strike  as 
project  engineer.  The  tunnel  could  be  operated  continuously  over  long  periods 
of  time  (about  ten  minutes  at  M  «  2.5  and  about  one  hour  at  M  *  3.5)  by  removing 
the  tunnel  air  from  the  vacuum  sphere  during  the  tunnel  operation.  Because  of 
these  long  running  times,  it  was  possible  to  cover  a  wide  range  of  suction  dis¬ 
tributions  at  a  given  Reynolds  and  Mach  number  and  to  adjust  the  distributions 
according  to  the  observed  status  of  the  boundary  layer  at  the  rake  location. 

The  measured  pressures  and  temperatures  were  recorded  on  tape 
from  which  nondimens ional  coefficients  were  computed  on  an  automatic  computing 
machine.  Shadowgraph  pictures  were  taken  during  most  of  the  tests. 

The  equations  for  the  data  reduction  which  were  described  in 
detail  in  Reference  123are  summarized  as  follows  (most  of  the  symbols  are 
defined  in  the  Notation  section). 


The  suction  coefficient  for  the  k^"  chamber  is  determined  by 

.  .  “k  . .  S  ?  ■^k'  "bk  ^ 

-  k  - j-T -  \  - 

P,  g  U..  A  M,  (1  +  .2  IL  ^)3  A  p^  J  Tv,, 

where  M_  is  the  Mach  number  inside  the  metering  nozzle  of  diameter  d,  and 
"k  ®  k 

defined  by  the  suction  box  pressure  pj^j^  and  nozzle  pressure  p^^^^ 


-  r/Pbk  286 


;;5  L(^)' 

i  Pnk 


A  *  144  in  is  the  total  wetted  area  of  the  model  up  to  station  18.8  inches; 
O'  is  a  nozzle  calibration  factor  depending  on  the  nozzle  Reynolds  number. 

The  suction  drag  coefficient  is  given  by 


D  ^  ^’s  ' 

S  -  ’  r.  /'ll  k 


- -  =  -  C,  T.  ( 1  + 

'lo  A  k=l 


M  ^  T 

CO  CO 


2 

where  is  determined  by  the  pressure  in  the  suction  chamber  Psk» 


M  2.5  286 
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(F)  Measurements  and  Data  Reduction  (Continued) 


The  boundary  layer  velocity  profile  at  the  rake  location  is  computed  from 
the  measured  total  head  pressures  under  the  assumption  of  constant  static 
pressure  and  total  temperature  in  the  boundary  layer  and  zero  heat  trans¬ 
fer  between  flow  and  surface.*  The  wake  drag  is  given  by 


_  2  n  (Jl 


w 


(S) 


H  +  2  -  M 


where  the  momentum  thickness  at  the  rake  location  is 


P  u 


and 


H  +  2  -  =  3.145  -  .28  -  .30  M  ^ 

Li  00 

The  total  drag  is  defined  as  the  sum  of  wake  and  suction  drag: 
COt  =  %  +  CDs 

(G)  Results  of  the  Drag  and  Suction  Measurements 
(1)  Test  Results  of  the  Present  Model 


The  results  of  the  drag  and  suction  measurements  are 
presented  in  Figures  48  to  53.  The  variation  of  wake,  suction,  and  total 
drag  with  total  suction  coefficient  for  given  Reynolds  numbers  is  shown  in 
Figures  48,  50  and  52  for  the  three  Mach  numbers,  2.5,  3.0  and  3.5.  The 

optimum  suction  quantities  and  minimum  total  drag  coefficients  are  plotted 
versus  Reynolds  number  in  Figures  49,  51  and  53  for  the  three  Mach  numbers. 
Included  in  these  figures  are  the  drag  coefficients  of  the  nonsuction  con¬ 
figuration  with  the  slots  sealed  and  the  friction  coefficients  of  the  laminar 
and  turbulent  plate.  Typical  boundary  layer  velocity  profiles  at  the  rake 

location  are  shown  in  Figure  54  for  M  =  3.5,  Rj^  =  4.85  x  10^  and  several 
suction  coefficients. 


The  measurements  H  =  2.5  showed  that  low  drag  coeffi¬ 
cients  could  be  maintained  for  length  Reynolds  numbers  of  the  order  of 

15  X  10  .  Increased  suction  quantities  were  required  for  Reynolds  numbers 


*The  error  introduced  by  the  assumption  of  constant  total  temperature 
was  checked  for  one  of  the  numerical  examples  reported  in  Chapter  (I). 
The  exact  momentum  thickness  or  wake  drag  coefficient  was  found  to  be 
smaller  by  0.5  percent  than  the  corresponding  approximate  value.  The 
assumption  o£  constant  static  pressure  will  be  discussed  in  Chapter  (H). 
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(G)  Results  of  the  Drag  and  Suction  Measurements  (Continued) 


between  15  and  17  x  10  to  keep  the  boundary  layer  laminar  over  the  whole  body 
in  spite  of  the  increasing  level  of  external  disturbances.  Full  laminar  flow 
could  not  be  maintained  beyond  Rj^  =  17  x  10^  although  ample  suction  air  was 
available.  Apparently,  at  these  high  numbers,  which  correspond  to  unit  Reynolds 
numbers  of  more  than  10  x  10^  per  foot,  model  roughness  and  tunnel  noise  became 
critical.  Shadowgraph  pictures  showed  that  minor  roughness  spots  caused  by 
sandblasting  effects  on  the  tunnel  air  caused  premature  transition  on  one  side 
of  the  model  while  the  other  side  remained  unaffected.  The  already  high  level 
of  tunnel  noise  was  amplified  occasionally  by  oscillations  of  the  shock  wave 
at  the  end  of  the  test  section. 


At  M  =  3,0,  full  laminar  flow  and  low  drag  coefficients 
were  maintained  until  Rl  ~  12  x  106,  A  thin  laminar  profile  was  observed 
once  at  R^  =  12,8  X  10^,  but  the  sudden  Increase  in  tunnel  noise  due  to 

vibrations  of  the  opening  valve  of  the  tunnel  caused  an  immediate  transition 
to  turbulent  flow  before  the  data  were  recorded.  For  unit  Reynolds  numbers 

beyond  8  x  10^  per  foot  the  external  disturbances  were  too  large  to  keep  the 
boundary  layer  laminar  in  spite  of  high  suction  quantities  available. 


The  tests  at  M  =  3,5  provided  laminar  flow  over  the  whole 


model  up  to  length  Reynolds  numbers  of  the  order  of  7  x  10 


6 


The  measurements 


at  Rj^  *  7,8  X  10°  indicated  that  transition  moved  forward  because  of  insuffi¬ 
cient  suction.  Since  the  model  was  designed  for  a  Mach  number  of  3.0,  the 
slot  widths  and  holes  underneath  the  slots  were  too  narrow  for  the  relatively 
large  volumes  of  low  density  suction  air  at  the  higher  Mach  numbers.  An 
extrapolation  of  the  curve  versus  R^  in  Figure  53  shows  that  a 

total  suction  coefficient  of  2,3  x  lO"^  would  be  required  at  R,  =  7,8  x  10^, 

/  ^ 

but  the  largest  amount  available  was  only  1.9  x  10”  . 


The  minimum  total  drag  and  optimum  suction  coefficients 
from  Figures  A9,  51  and  53  are  combined  in  Figure  55  to  present  a  clearer 
picture  of  the  variation  of  the  coefficients  with  Mach  number.  The  lowest 
drag  coefficients  and  corresponding  Reynolds  numbers  are  compared  in  the 
following  table  with  the  laminar  and  turbulent  friction  coefficients  at  the 
same  Mach  and  Reynolds  numbers. 


Freestream 
Mach  Number 

Length  Reynolds 
Number 

Total  Drag 
Coefficient 

Friction  Coefficients  of 
Laminar  Plate  Turbulent  Plate 

m 

10-6 

lO* 

4 

10  Cf 

L 

10  C^ 

2.5 

14 

4.9 

3.3 

19.9 

3.0 

11 

5.6 

3.7 

18.3 

3.5 

7 

7.6 

4.5 

17.6 

The  drag  of  the  suction  body  is  1,5  times  the  friction  drag  of  a  laminar 
plate  at  M  =  2,5  and  3.0,  and  1,7  times  greater  at  M  =  3.5.  The  turbulent 
friction  drag  is  4,0  times  larger  at  M  =  2.5,  3,3  times  larger  at  M  =  3,0 


434- 


and  2«3  times  larger  at  M  <=  3.5  than  the  drag  of  the  suction  body.  The 
reduction  of  the  ratio  of  the  turbulent  plate  drag  to  the  drag  of  the 
suction  body  with  increasing  Mach  number  is  due  to  the  reduction  of  the 
turbulent  friction  drag  with  Mach  number. 

The  suction  quantities  required  to  provide  the  minimum 
drag  coefficients  are  Included  in  Figure  55.  They  show  a  steep  rise  with 
Mach  number  at  a  given  length  Reynolds  number.  One  reason  for  this  varia¬ 
tion  with  Mach  number  is  the  forward  shift  of  transition  without  suction 
with  Increasing  Mach  numbers.  Figures  56,  57  and  58  present  all  the 

information  available  about  boundary  layer  transition.  The  test  points 
are  marked  where  the  boundary  layer  stayed  laminar  to  the  rake  station 
either  without  or  with  suction.  The  highest  test  points  from  the  previous 
measurements  (Reference  123) are  included  for  comparison.  Shadowgraph  pic¬ 
tures  of  the  area  between  stations  6,5  and  14.8  Inches  were  taken  for  most 
of  the  test  points.  As  an  example,  transition  occurred  at  a  unit  Reynolds 
number  of  0,5  x  10^  per  inch  at  the  following  stations: 


U  x^* 

M^  XT  (in.) 


2.5  12,8 

3.0  9.8 

3.5  8.6 

The  optimum  suction  coefficients  of  Figure  55  and  the  natural  transition 
Reynolds  numbers  without  suction  of  Figures  56,  57  and  58  are  replotted 

in  Figure  59  versus  length  Reynolds  number,  from  which  Figure  60  is  derived. 
Figure  60  presents  the  suction  quantities  required  for  maintaining  laminar 
flow  to  station  18.8  Inches  at  minimum  total  drag  as  a  function  of  the  loca¬ 
tion  of  natural  transition  without  suction  (station  Xt).  The  Xt  scale  is 

plotted  backward  so  that  the  abscissa  represents  the  chordwise  distance  by 
which  the  range  of  laminar  flow  has  to  be  extended.  In  this  presentation  the 
curves  for  M  «  2.5  and  3.0  nearly  coincide,  which  can  be  interpreted  in  the 
form  that  the  Increase  in  suction  requirements  between  M  *  2,5  and  3.0  is 
caused  by  the  change  in  natural  boundary  layer  transition  between  these  Mach 
numbers.  But  this  effect  is  not  sufficient  to  explain  the  further  Increase 
in  suction  at  M  «  3.5,  where  about  40  percent  more  suction  is  required  than 
for  M  ■  2.5  and  3.0.  Figure  60  also  emphasizes  the  steep  increase  of  suc¬ 
tion  because  of  excessive  external  disturbances.  This  occurs  for  M  =  2,5 
and  3.0  at  Reynolds  numbers  which  provide  boundary  layer  transition  without 
suction  at  Xt  ~  9  Inches. 

(2)  Effect  of  the  Different  Suction  Systems  of  the 
Old  and  New  Models  on  the  Test  Results 

The  difference  in  the  suction  systems  of  the  two  models 
consisted  of  two  items:  (1)  continuous  suction  was  approached  to  a  better 


6,4  X  10^ 
4.9  X  10^ 
4,3  X  10^ 


*The  local  unit  Reynolds  number,  deviates  from  the  freestream  value, 

U^/u^,  by  less  than  ±5  percent  between  stations  x  *  10  and  19  inches  for  the 
three  Mach  numbers. 
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(G)  Results  of  the  Drag  and  Suction  Measurements  (Continued) 


degree  on  the  new  model  (slot  spacing  0.5  inch)  than  on  the  old  one  (slot 
spacing  1.4  to  1.0  inches);  (2)  the  maximum  suction  quantities  which  could 
be  sucked  through  the  model  were  larger  on  the  new  one  because  of  larger 
cross  sections  of  the  suction  tubes. 

The  effects  of  these  differences  in  the  suction  system 
on  the  test  results  are  presented  in  the  following  table: 


Maximum  Length  Reynolds 


Frees tream 

Maximum  Total 

Suction 

Number  with 

Full  Laminar 

Mach  Ntflnber 

Coefficient,  10^ 

Available 

Flow, 

10-6  R^* 

CO 

Old  Model 

New  Model 

Old  Model 

New  Model 

2.5 

1.6 

4.2 

10.6 

15.3 

3.0 

1.2 

3.1 

7.0 

11.5 

3.5 

.8 

2.0 

4.7 

6.3 

The  improvement  in  maximum  length  Reynolds  number  at 
M  “  3.5  is  caused  primarily  by  the  increase  in  total  suction  quantities. 
The  Reynolds  number  level  at  this  Mach  number  appears  too  low  for  external 
disturbances  to  become  critical  so  that  slot  spacing  is  not  yet  important. 
A  comparison  between  corresponding  test  points  from  the  two  models  shows 
good  agreement: 


(M,„  =  3.5) 

lO-*  Ri, 

10^  Cw^ 

104 

10^ 

Old  Model 

4.44 

.771 

.92 

7.35 

8.27 

New  Model 

4.82 

.832 

.89 

7.18 

8.07 

The  slightly  larger  slot  widths  and  hole  sizes  on  the  new  model  are 
responsible  for  the  reduction  in  suction  drag. 


A  different  situation  exists  for  1^  =  3.0.  At 

Rj^  =  6,8  X  10^  the  old  model  had  just  enough  suction  to  approach  minimum 
drag;  the  high  wake  drag  at  R^  “  8.0  x  10^  indicated  that  transition  had 
moved  forward.  The  present  tests  show  that  the  same  suction  quantities 
are  sufficient  to  maintain  full  laminar  flow  at  this  Reynolds  number  so 
that  the  improvement  is  probably  due  to  the  narrower  slot  spacings.  The 
extension  of  the  laminar  range  beyond  Rl  “  8  x  10^  is  primarily  due  to  the 
higher  suction  quantities  available.  A  comparison  of  corresponding  old  and 
new  points  is  shown  on  the  following  page. 


♦Defined  at  the  length  Reynolds  number  where  total  drag  coefficient 
exceeds  the  nonsuction  laminar  flow  value  by  15  percent  (same  defini¬ 
tion  as  in  Reference  123), 
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(G)  Results  of  the  Drag  and  Suction  Measurements  (Continued) 


(Ho  =  3.0) 

10-6 

106  c„^ 

lo'' 

10^  On 
^w 

10^ 

Old  Model 

|6.83 

l7.98 

1.232 

1.205 

1.51 

1.51 

5.34 

7.39 

6.85 

8.90 

New  Model 

7.71 

1.227 

1.32 

5.13 

6.45 

more  pronounced 
produced  a  highe 
higher  Reynolds 
comparison! 

The  favorable  effect  of  the  narrower  slot  spacing  is  even 
at  M  =  2,5,  where  higher  suction  at  a  lower  Reynolds  number 
!r  wake  drag  on  the  old  model  than  the  lower  suction  at  a 
number  on  the  new  model,  as  is  shown  in  the  following 

(Ho  =  2.5) 

10-6  R^ 

lo'*  c„^ 

-o'* 

4 

10  c 

^w 

‘o'*  Odj 

Old  Model 
New  Model 

12.10 

13.24 

1.584 

1.335 

2.13 

1.39 

4.90 

3,83 

7.03 

5.22 

With  the  total  suction  available  for  the  old  model,  laminar  flow  could  have 
been  maintained  up  to  ~  13  x  10^  if  a  better  approach  to  continuous  suc¬ 
tion  had  been  provided.  The  increase  in  Reynolds  number  range  beyond  this 
value  required  higher  total  suction  coefficients. 

The  requirement  of  the  narrow  slot  spacing  for  producing 
high  length  Reynolds  numbers  with  full  laminar  flow  might  be  partly  due  to 
the  high  level  of  external  disturbances  of  this  wind  tunnel.  According  to  a 
communication  by  the  author  with  Mr,  C.  J,  Schueler  of  ARC,  Inc,,  transition 
measurements  on  a  hollow  cylinder  provided  about  25  percent  higher  transition 
Reynolds  numbers  in  the  continuous  Tunnel  A  than  in  Tunnel  E-1,  He  also 
mentioned  that  sound  measurements  in  the  stilling  chamber  of  Tunnel  E-1  had 
indicated  a  high  noise  level  caused  by  the  high  speed  jet  flow  from  the  con¬ 
trol  valve.  The  total  sound  power  output  was  of  the  order  of  2000  watts/ft^, 
corresponding  to  pressure  fluctuations  of  the  order  of  9  Ib/ft^  or  1A7  db. 
This  high  sound  level  at  unit  Reynolds  numbers  of  the  order  of  10  x  10^  per 
foot  represents  really  severe  test  conditions  for  maintaining  laminar  flow, 

(H)  Flow  Field  Near  Last  Slot 


The  total  head  readings  of  the  boundary  layer  rake  provide 
some  information  about  the  flow  field  and  the  shock  wave  originating  at  the 
last  slot,  A  typical  plot  of  the  variation  of  the  total  pressure,  Prgke 

(uncorrected  for  the  pressure  loss  due  to  the  shock  wave  from  the  probe 
tip),  perpendicular  to  the  model  surface  is  shown  in  Figure  61  for  M  =  2.5, 

R^  *  15.8  X  10^,  station  18,81  inches.  The  outer  edge  of  the  boundary  layer 
is  reached  at  the  maximum  value  of  p^ai^g*  This  value(p^gj^g/pQj  determines 

a  Mach  number  M^^j  by  means  of  the  standard  charts  for  normal  shocks.  It  is 
assumed  that  the  static  pressure  defined  by  M^gf  is  constant  throughout  the 
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(H)  Flow  Field  Near  Last  Slot  (Continued) 

boundary  layer.  The  variation  of  p  ,  /p  outside  the  boundary  layer  is 

rake  o 

interpreted  as  a  variation  of  the  local  Mach  number  in  the  potential  flow. 

The  Mach  number  distribution  corresponding  to  p  ,  /p  is  also  Included  in 

rake  o 

Figure  61.  Under  the  assumption  of  constant  static  pressure  (or  local 
Mach  numbers)  along  Mach  lines,  the  Mach  number  variation  along  the  y  axis 
can  be  plotted  along  the  chordwise  distance  x.  The  discontinuity  of 
^rake^^o  heights  0.12  and  0.13  inch  is  caused  by  the  shock  wave 

from  the  last  slot  (located  at  station  18.5).  A  possible  Interference 
between  the  shock  waves  from  the  slot  and  the  pressure  probes  is  neglected. 
Since  the  local  Mach  nvimber  at  station  18.25  is  known  from  the  static  pres¬ 
sure  orifice,  the  variation  of  the  local  Mach  number  along  the  outer  edge  of 
the  boundary  layer  can  be  plotted  between  station  18.25  and  the  rake  bottom 
as  is  shown  for  three  examples  in  Figures  62,  63  and  64.  Figure  62  was 

developed  from  the  data  presented  in  Figure  61.  The  reduction  of  the  local 
Mach  number  variation  due  to  a  reduction  in  suction  quantities  is  shown  in 
Figure  63.  The  suction  coefficient  at  the  last  slot  is  approximately  one- 
seventh  of  the  value  for  the  fourth  suction  chamber.  Figure  64  presents 
the  data  obtained  at  two  rake  locations  under  identical  test  conditions. 

The  rake  was  moved  aft  for  the  tests  at  Hjo  =  3.5  to  eliminate  the  inter¬ 
ference  with  the  shock  wave  from  the  last  slot. 

The  few  test  points  available  restrict  the  accuracy  of  the 
curves.  The  actual  thickness  of  the  boundary  layer  depends  on  the  way  the 
curve  is  faired  through  *’he  few  rake  total  head  readings,  and  the  exact 
height  of  the  probes  above  the  surface  is  not  known  with  sufficient  accuracy. 
The  shock  lines  at  the  bottom  of  Figures  62  to  64  were  developed  in  such 
a  way  that  the  chordwise  location  of  the  steep  decrease  of  the  local  Mach 
number  coincides  with  the  point  where  the  shock  wave  penetrates  the  outer 
edge  of  the  boundary  layer.  The  direction  of  the  shock  wave  was  assumed  to 
be  slightly  steeper  than  the  local  Mach  line.  The  shock  waves  plotted  in 
Figures  63  and  64  can  be  extrapolated  to  the  slot,  but  the  shock  at 
M  *  2.5  (Figure  62)  apparently  is  displaced  by  about  0.02  inch. 

The  three  example  cases  are  in  qualitative  agreement  with  the 
results  of  a  detailed  flow  field  survey  reported  in  Reference  107,  where  it 
was  discussed  that  the  assumption  of  a  constant  static  pressure  Inside  the 
boundary  layer  might  no':  be  accurate  enough  in  regions  where  noticeable 
chordwise  gradients  of  the  external  static  pressure  occur  within  distances 
equal  to  a  few  boundary  layer  thicknesses.  The  rather  steep  change  of  the 
local  Mach  number  near  the  outer  edge  of  the  boundary  layer  (M  =  2.502  at 
chordx.’ise  station  18.81  or  y  =  .032  inch  above  the  surface  and  M  =  2.523  at 
station  18.77  or  y  ■  0.50  inch,  as  shown  in  Figures  61  and  62  might  repre¬ 
sent  a  typical  case  where  a  variation  of  the  static  pressure  inside  the 
boundary  layer  has  to  be  considered. 

The  evaluation  of  the  boundary  layer  velocity  profile  at  the 
rake  location  was  set  up  originally  in  the  form  that  the  surface  pressure  at 
station  18.25  was  used  for  determining  the  reference  Mach  number.  The  above 
examples  show  that  the  shock  wave  from  the  last  slot  can  change  the  actual 
value  of  the  reference  Mach  number  at  the  rake  location  so  much  that  the 
accuracy  of  the  drag  evaluation  would  be  affected.  All  wake  drag  coefficients 
published  in  this  report  have  been  evaluated  with  the  correct  value  of  the 
referenced  Mach  number  at  the  rake  location. 
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(I)  Comparison  of  Experimental  Results  with  Theory 


The  development  of  the  laminar  boundary  layer  over  the  ogive 
cylinder  was  computed  on  the  IBM  7090  machine  by  means  of  an  exact  theory 


(Reference  45)  for  the 

following  three  cases: 

M 

00 

10"6  Rl 

V 

10%, 

io‘cd„ 

io‘  Co, 

2.5 

13.24 

1.335 

1.389 

3.832 

5.221 

3.0 

11.36 

1.642 

1.811 

3.844 

5.655 

3.5 

4.85 

1.454 

1.667 

6.143 

7.810 

The  calculation  was  performed  under  the  following  conditions: 
the  measured  freestream  reference  values  and  measured  surface  pressure  dls> 
trlbutlons  were  used;  the  model  surface  was  assumed  to  be  at  adiabatic  wall 

temperature,  _ )  -  0,  without  heat  conduction  or  radiation. 

0  y  y  =  0 

A  continuous  suction  distribution  was  developed  In  such  a 
way  that  the  Integrated  values  per  chamber  were  equal  to  the  measured  suction 
coefficients.  The  distributions  within  a  chamber  were  estimated  from  the 
measured  pressure  drop  through  the  skin  and  the  known  slot  and  hole  dlmen* 
slons.  Discontinuities  In  the  slopes  were  admitted  since  they  had  no  notice¬ 
able  effect  on  the  accuracy  of  the  Integration.  An  analytical  expression  for 
this  continuous  suction  distribution  Is  the  quantity  dC^j/dx  defined  by 

2TTr 

IT 

Inflow  velocity  and  r  the  body  radius  at  station  x. 
(Inch)"^.  Since  the  slot  spacing  Is  0.5  Inch,  the 


dCw  ^  Pw  Vq 

dx  °  P„  U® 


where  v  Is  the  local 
o 


dx 

term 


has  the  dimension 


P  1  dCw 

^  2  dx 


represents  approximately  the  suction  coefficient  for  a  single  slot. 


The  surface  pressure  and  suction  distributions  for  the  three 
examples  are  shown  In  Figures  65,  66  and  67.  Slnco  the  boundary  layer 
Is  computed  along  the  arc  length,  x’,  of  the  body,  the  data  are  plotted 
versus  x*  Instead  of  the  chord  length  x  along  the  axis.  In  the  cylindrical 
section,  X*  =  X  +0.12  (In.). 


0  Ui 

The  Reynolds  number  based  on  momentum  thickness,  =  _ i 


divided  by  the  square  root  of  the  length  Reynolds  number  Is  plotted  versus  x* 

h 

In  Figure  68  for  the  three  examples.  The  variation  of  -  versus  x*  c’an  be 

/W 
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(I)  Comparison  of  Experimental  Results  with  Theory  (Continued) 

related  to  the  local  suction  distribution  in  the  sense  that  high  suction 
produces  rather  small  increases  of  R0  and  vice  versa.  The  value  of  Rq  at 

the  rear  end  of  the  body  and  the  wake  drag  coefficient  Cjj^  can  be  compared 

with  the  experimental  values  evaluated  from  the  measured  rake  profile.  The 
results  are  listed  in  the  following  table: 


M 

CD 

Rake  Location 
X*  (In.) 

^theor  ^^^theor 

(IO^Cd^,) 

theor 

^^e^exp 

(IO^Cd^) 

exp 

2.5 

18.93 

.3953 

1448 

2.928 

1840 

3.832 

3.0 

18.93 

.A043 

1362 

3.268 

1602 

3.844 

3.5 

19.21 

.4357 

959 

5.252 

1170 

6.143 

The  experimental  R^ 

values  and 

wake  drag  coe 

fficients  are 

about  22 

percent 

higher  than  the  corresponding  theoretical  data. 

The  boundary  layer  velocity  profiles  at  the  rake  location  are 
compared  in  Figure  69.  The  theoretical  and  experimental  values  of  the  total 
boundary  layer  thickness  are  listed  below  (because  of  the  asymptotic  behavior 
of  the  boundary  layer  the  value  of  6  is  defined  as  the  height  for  u/U  =  .99). 


CO 

^theor 

6 

exp 

61 

2.5 

.026 

.032 

3.0 

.033 

.040 

3.5 

.064 

.066 

The  experiments  provide  higher  velocities  near  the  wall  and  lower  velocities 
near  the  outer  edge  than  the  theory  predicts.  The  experimental  boundary 
layer  thickness  is  about  22  percent  thicker  than  the  theoretical  one  at 
M  *  2.5  and  3.0;  good  agreement  exists  at  *  3.5. 

The  discrepancy  between  theory  and  experiment  is  rather  high 
and  cannot  be  explained  without  a  more  refined  analysis.  The  assumption  of 
continuous  suction  for  the  theoretical  calculation  Instead  of  suction  through 
individual  slots  might  be  a  severe  simplification  in  supersonic  flow,  since 
it  neglects  the  variation  of  the  external  pressure  field  caused  by  the  shock 
waves  from  the  individual  suction  slots.  As  a  consequence,  the  assumption  of 
constant  static  pressure  through  the  boundary  layer  may  no  longer  be  Justified. 
Also,  the  external  disturbances  in  the  wind  tunnel,  particularly  the  noise 
field,  might  contribute  to  a  deformation  of  the  laminar  boundary  layer  pro¬ 
file  and  require  higher  suction  quantities  to  maintain  its  stability.’' 


♦Oscillations  in  the  laminar  boundary  layer  can  be  amplified  rapidly  when 
certain  frequencies  of  the  external  disturbances  coincide  with  critical 
frequencies  of  the  laminar  boundary  layer,  as  was  shown  in  Reference  96. 
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(I)  Comparison  of  Experimental  Results  with  Theory  (Continued) 
Thi  computed  wall  temperatures  and  recovery  factors, 


r 


Tq  -  Ti  .2 


are  plotted  In  Figures  70a,  70b  and  70c  for  the  three  cases.  The  theoretical 
wall  temperature  varies  by  less  than  ±5°F,  which  Indicates  that  the  assumption 
of  an  Insulated  body  for  the  boundary  layer  calculations  Is  sufficiently  accu¬ 
rate.  The  recovery  factor  grows  from  Its  value  r  ~  .86  In  the  front  part  of 
the  model  (no  suction)  to  r  ~  .90  near  the  rear  end  of  the  model.  It  Is  also 
known  from  other  calculations  that  the  recovery  factor  In  laminar  flow  In  the 
presence  of  suction  can  exceed  the  value  of  .90, 

The  computed  velocity  and  temperature  profiles  permit  a  calcu¬ 
lation  of  the  height  of  the  portion  of  the  boundary  layer  which  Is  sucked  Into 
a  slot.  The  results  of  this  calculation  for  one  slot  near  the  middle  of  each 
chamber  are  presented  In  the  following  table,  together  with  the  slot  width  of 
the  model. 


Thickness  of  Sucked  Layer  (In.)  Slot  Width 
Station  x»  (In.)  M  «  2.5  M  »  3.0  M  »  3.5  of  Model  (In.) 


6.0 

.0016 

.0021 

.0026 

.0035 

10.0 

.0013 

.0022 

.0030 

.0040 

13.1 

.0016 

.0025 

.0043 

.0070 

16.0 

.0025 

.0025 

.0049 

.0070 

The  Increase  of  the  thickness  of  the  sucked  layer  with  Increasing  Mach  number 
Is  quite  pronounced.  The  actual  slot  widths  have  to  be  larger  than  the  thick¬ 
ness  of  the  sucked  layer  In  supersonic  wind  tunnel  experiments  because  of  the 
large  pressure  losses  of  the  low  density  air  which  might  lead  to  early  choking. 
There  Is  no  apparent  danger  of  local  separation  effects  Inside  the  slots  since 
the  slot  Reynolds  numbers  (Rg)  based  on  slot  width  and  mean  Inflow  velocity 

are  extremely  low,  e.g.,  R_  ■  16  to  51  at  M  =  2.5,  R^  ■  12  to  40  at  M  «  3,0 
and  Rg  «  7  to  9  at  M  »  3.5  for  the  above  example  cases.  These  values  of  R^ 
can  be  changed  to  other  length  Reynolds  numbers  by  multiplying  them  with  the 

R 

ratio  of  the  square  root  of  the  length  Reynolds  numbers  ( — Si-  Independent  of 


( J)  Effects  of  Surface  Roughness 

One  single  roughness  particle,  a  .093-lnch  diameter  disc  of 
.0035- Inch  height,  was  placed  at  station  2,00  Inches  of  the  model  and  tested 
at  M  *  3,0,  The  shadowgraph  pictures  of  the  nonsuction  configuration  show 
that  transition  moved  from  xj  ■  14  Inches  to  x-j'  «  12  Inches  at  R^  •  6,3  x  10°, 
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(J)  Effects  of  Surface  Roughness  (Continued) 


but  the  boundary  layer  stayed  laminar  with  suction  (also,  see  Figure  57), 
At  =  7,6  X  10^,  transition  without  suction  moved  from  x.j,  =  12  inches  to 
Xij.  ®  7,5  inches  due  to  roughness;  with  suction  laminar  flow  could  not  be 
maintained;  transition  with  roughness  was  at  x^  -  9,0  inches. 


The  boundary  layer  calculations  permit  the  computation  of  the 
following  roughness  parameters:  the  roughness  Reynolds  number,  defined  as 


Rh 


h  u  (h) 
«  (h) 


where  velocity  and  kinematic  viscosity  are  taken  at  the  height  h  of  the 
roughness  particle;  the  ratio  of  the  height  of  the  particle  to  the  dis¬ 
placement  thickness  5*;  and  the  Mach  ntiraber  Mj^  at  the  height  of  the  particle. 
The  following  table  lists  these  values  for  the  above  test  conditions  at 
M^  »=  3,0  and  h  »  ,0035,  Also  included  is  the  ratio  of  transition  Reynolds 
number  with  roughness  to  its  value  without  roughness  for  the  nonsuction  case. 


10‘\ 

Rh 

h 

6* 

Mh 

Rt 

Rt 

■-o 

6.3 

163 

.57 

.82 

.85 

7.6 

232 

.63 

.90 

.62 

11,3 

464 

.76 

1.13 

•  • 

Reference  lOSpresents  an  evaluation  of  available  roughness  measurements  in 
supersonic  tunnels  by  plotting  versus  Mjj  where  the  critical  height, 

hgf,  is  defined  as  the  particle  height  which  causes  transition  at  a  length 
Reynolds  number  which  is  5  percent  less  than  its  value  without  roughness. 
Figure  18  of  Reference  lOSgives  ■' ^hcr  ^*h  “ 

pared  with  the  value  of  about  12  for  the  nonsuction  tests  and  of  the  wind 
tunnels  and  the  different  methods  of  computing  the  boundary  layer  profiles 
might  explain  the  discrepancy.  The  Increase  in  allowable  roughness  height 
in  the  front  portion  of  the  body  ahead  of  the  suction  area  due  to  suc-ion 
is  rather  small. 


Estimates  of  allowable  roughness  height  can  be  obtained  from 
theoretical  layer  development  by  plotting  the  quantities  and 


versus  —  .  Rl* 


In  this  form,  all  data  are  independent  of  length  Reynolds 


the 

A 

number.  Since  it  was  expected  that  model  roughness  might  have  become  criti¬ 
cal  at  the  high  unit  Reynolds  numbers  at  M  *  2.5,  the  above  roughness  param¬ 
eters  are  plotted  at  stations  x  =  1,0,  2,0  and  5.0  Inches  in  Figure  71, 
Assuming  a  value  Rh^j.  “  and  Rl  =  18  x  10^  gives  the  following  maximum 


roughness  heights  for  the  ogive  cylinder  body  for  the  tests  in  Tunnel  E-1: 
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(J)  Effects  of  Surface  Roughness  (Continued) 


Critical  Roughness 
Station  x  (in.)  Height  (in.) 

1.0  .0011 

2.0  .0014 

5.0  .0017 

Surface  contamination  of  that  order  of  magnitude  must  have  occurred  since 
laminar  flow  was  lost  occasionally  at  high  Reynolds  numbers  and  regained 
after  the  model  had  been  polished. 

Another  possible  roughness  spot  was  station  x  =  1  inch,  where 
the  nose  cone  of  the  model  was  attached  to  the  remainder  of  the  body.  The 
above  roughness  analysis  requires  that  the  step  at  this  joint  has  to  be  con¬ 
siderably  less  than  .0011  inch,  a  condition  which  was  hard  to  maintain  during 
the  tests  since  the  nose  cones  had  to  be  exchanged  occasionally.  It  should 
be  emphasized  that  these  severe  roughness  requirements  are  caused  by  the  fact 
that  the  tests  were  conducted  at  unit  Reynolds  numbers  of  the  order  of 
10  X  10^  per  foot. 

(K)  Conclusions 


The  boundary  layer  suction  experiments  on  the  ogive  cylinder 
provided  the  following  results: 

(1)  Low  drag  coefficients  and  full  laminar  flov?  were  main¬ 
tained  at  high  length  Reynolds  numbers  at  Mach  numbers  2.5,  3.0  and  3.5. 
Total  drag  coefficients  of  5.0  x  10"^  were  measured  at  Rj^  =  15  x  10^  and 

M  =  2.5;  Cdj.  =  5.6  x  10“^  at  Rl  =  11  x  10^  and  M  =  3.0;  Cp  =  7.6  x  10"*^ 

6  ^ 

at  =  7  X  10  and  M  =  3#5.  The  total  suction  coefficients  at  these 

Reynolds  and  Mach  numbers  were  close  to  2,0  x  10"^, 

(2)  At  a  given  Reynolds  number,  the  suction  coefficients 
increased  with  Mach  number.  This  effect  could  only  partly  be  explained 
by  the  forward  shift  of  transition  without  suction  with  increasing  Mach 
number. 


(3)  Laminar  flow  was  lost  beyond  17  x  10^  at  M  =  2.5  and 
and  13  x  10^  at  M  =  3,0  in  spite  of  high  suction  due  to  the  combined  effects 
of  external  disturbances  such  as  tunnel  noise  and  turbulence  as  well  as 
model  roughness, 

(4)  A  theoretical  analysis  of  the  boundary  layer  development 
along  the  body  provided  wake  drag  coefficients  which  are  between  18  and  27 
percent  lower  than  the  measured  values  and  boundary  layer  velocity  profiles, 
which  are  between  3  and  21  percent  thinner  than  the  measured  ones.  The 
largest  discrepancies  occurred  at  the  high  Reynolds  number  at  M  =  2,5, 
indicating  an  influence  of  the  external  disturbances  on  the  test  results. 


CHAPTER  C. 


INVESTIGATIONS  OF  SWEPT  WINGS  WITH  SUPERSONIC  LEADING  EDGES 


a.  LOW  DRAG  BOUNDARY  LAYER  SUCTION  EXPERIMENTS  ON  A  36°  SWEPT 
WING  AT  MACH  NUMBERS  2.5.  3.0  AND  3.5 

E.  E.  Groth 


(A)  Summary 

A  36°  swept  suction  wing  of  3-percent-thick  biconvex  section  was 
tested  at  AEDC  Tunnel  A  at  Mach  numbers  between  2.5  and  3.5.  Laminar  flow  and 
low  drag  coefficients  were  maintained  up  to  the  highest  tunnel  pressures,  result¬ 
ing  in  length  Reynolds  numbers  of  17,  25  and  20  x  10^  at  Mach  numbers  2.5,  3.0 
and  3.5,  respectively. 

The  computation  of  the  laminar  boundary  layer  development  along 
the  wing  chord  for  typical  test  conditions  provided  numerical  values  of  crossflow 
Reynolds  numbers  with  full  laminar  flow. 

Two  separate  tepts  were  conducted.  The  first  model  with  the 
original  --  relatively  narrow  --  slots  was  successful  at  M  =  2.5  and  in  the 
Reynolds  number  range  up  to  R  =  13  x  10^  at  M  =  3.0.  The  second  model,  with 
wider  slots,  provided  satisfactory  data  at  M  =  3.0  and  3.5  at  further  increased 
chord  Reynolds  numbers.  Both  models  were  rather  sensitive  to  the  local  suction 
quantities. 

(B)  Notation 


b  wing  span,  measured  perpendicular  to  flow  direction 

bj^  spanwise  extent  of  suction  chamber,  perpendicular  to 

flow  direction 

b'  wing  span,  measured  parallel  to  leading  edge 

c  wing  chord,  measured  parallel  to  flow  direction 

(c  =  39.0  inches) 


c' 


wing  chord,  measured  perpendicular  to  leading  edge 
(c'  =  31.5  inches) 


suction  drag  coefficient  | 

total  drag  coefficient  j  Referred  to  freestreara  dynamic 

>  pressure,  unit  span  and  refer- 
wake  drag  coeffic  it  ence  length  in  flow  direction 

friction  drag  coer.^cient  i 

J 

^k 

=  suction  weight  flow  coefficient  through 

k*"^  chamber 
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(B)  Notation  (continued) 


M 

P 

R 

r(1) 

u 

V 

Q 

u 

Wk 

X 

x' 

y' 

z 

y 

P 

e 

b 


=  E  Cy  =  total  suction  coefficient 
k  ^ 

Mach  number 
static  pressure 
Reynolds  number 

=  —  =  reference  unit  Reynolds  number  (par  inch) 

potential  flow  velocity  perpendicular  to  leading  edge 
=  Vgj  =  potential  flow  velocity  parallel  to  leading  edge 

=  =  resultant  potential  flow  velocity 

velocity  component  inside  boundary  layer  perpendicular 
to  leading  edge 

suction  weight  flow  through  k^^  chamber  (Ib/s) 
coordinate  in  flow  direction 
coordinate  perpendicular  to  leading  edge 
coordinate  parallel  to  leading  edge 
coordinate  perpendicular  to  wing  surface 
kinematic  viscosity 
density 
sweep  angle 

boundary  layer  thickness 


Subscripts 

X  chordwise  station  x 

k  running  parameter,  k  =  1  ...  8 

free  St  ream 

1  outer  edge  of  boundary  layer 

Other  symbols  are  defined  in  the  body  of  the  report.  Coordinates 
and  velocity  components  are  shown  in  Figure  75, 
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(C)  Introduction 


Laminar  flow  and  low  drag  coefficients  were  maintained  on  straight 
two-dimensional  wings  by  means  of  boundary  layer  suction  at  Mach  numbers  between 
2.5  and  3.5  and  at  length  Reynolds  numbers  up  to  26  x  10^.  The  next  step  in  the 
development  toward  a  three-dimensional  supersonic  suction  wing  is  the  investiga¬ 
tion  of  the  effects  of  crossflow  on  the  stability  of  the  laminar  boundary  layer 
in  supersonic  flow.  For  this  purpose,  a  two-dimensional  wing  swept  ahead  of  the 
Mach  cone  was  built  and  tested  at  AEDC  Tunnel  A.  The  first  experiments  were  con¬ 
ducted  in  March  1962;  the  tests  were  repeated  with  a  modified  suction  arrangement 
in  October  1962. 

(D)  Description  of  the  Model  and  Purpose  of  the  Tests 

The  model  selected  for  the  boundary  layer  suction  measurements  was 
a  two-dimensional  wing  of  36°  sweep;  the  chord  length  in  flow  direction  was 
c  =  39.0  inches  and  perpendicular  to  the  leading  edge  was  c*  =  31.5  inches.  The 
model  spanned  the  tunnel,  b  =  AO  inches.  The  biconvex  airfoil  section  was  3-per¬ 
cent  thick  perpendicular  to  the  leading  edge  or  2.A3-percent  thick  in  flow  direc¬ 
tion.  Suction  was  applied  to  an  area  which  was  not  disturbed  by  any  shock  waves 
for  Mach  numbers  M  a  3.0.  The  shock  lines  from  the  intersection  of  the  model 
leading  edge  with  the  tunnel  side  walls  intersected  the  last  suction  chamber  at 
M  =  2.5.  The  reflection  of  the  leading  edge  shock  wave  from  the  tunnel  walls  at 
M  =  2,5  barely  missed  the  rear  end  of  the  suction  area.  A  sketch  and  photograph 
of  the  model  are  shown  in  Figures  72  and  73;  the  location  of  the  shock  lines 
relative  to  the  suction  area  is  presented  in  Figure  74. 

The  original  suction  system  consisted  of  66  slots  arranged  in 
eight  suction  chambers.  The  slots  were  0,42  to  0.45  inch  apart  (measured  per¬ 
pendicular  to  the  slots)  and  between  0.005  and  0,014  inch  wide;  the  first  slot 
was  1.6  inches  aft  of  the  leading  edge  (_Ll.e.).  Since  the  first  test  indicated 
that  this  arrangement  provided  insufficient  suction  quantities  at  the  higher  Mach 
and  Reynolds  numbers,  the  model  was  modified  by  increasing  the  slot  widths  and 
adding  two  slots  in  front.  The  first  slot  of  the  modified  model  was  0.76  inch 
aft  of  the  leading  edge  (measured  JLl.e.).  Table  IV  contains  a  list  of  the 
pertinent  dimensions  of  the  two  suction  arrangements.  The  slots  near  the  leading 
edge  of  the  model  were  about  19  inches  long  (measured  parallel  to  the  leading 
edge);  their  length  reduced  to  about  five  inches  near  the  trailing  edge.  The 
ducting  and  metering  of  the  suction  air  was  done  in  the  same  way  as  in  previous 
tests  (Section  II,  Fart  2,  Chapter  A-a  and  A-b). 

The  boundary  layer  rake  was  located  in  the  middle  of  the  suction 
area  and  could  be  moved  from  its  most  rearward  position  at  the  end  of  the  last 
suction  chamber  =  37.8  inches)  to  the  end  of  suction  chamber  7  (x^-gj^g  =  32.8 

inches)  and  to  its  most  forward  position  at  the  end  of  suction  chamber  6 
(X]^g;^0  “  27.7  inches). 

The  purpose  of  the  tests  was  to  establish  laminar  flow  at  super¬ 
sonic  speeds  and  high  length  Reynolds  numbers  by  means  of  boundary  layer  suction 
in  the  presence  of  strong  boundary  layer  crossflow.  Suction  requirements  had  to 
be  established  as  functions  of  Mach  and  Reynolds  numbers.  Theoretical  analyses 
of  the  laminar  boundary  layer  development  at  the  experimental  pressure  and  suc¬ 
tion  distributions  had  the  purpose  of  providing  numerical  data  of  crossflow 
Reynolds  numbers  at  which  laminar  flow  could  be  maintained.  In  order  to  develop 
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(D)  Description  of  th-  Model  and  Purpose  of  the  Tests  (continued) 


! 

I 

I 


I  fii 

I 


strong  crossflow  effects  along  the  whole  wing  chord,  a  two-dimensional  swept  wing 
model  was  selected.  The  sweep  angle  was  low  enough  to  provide  supersonic  leading 
edge  flow  at  all  Mach  numbers  under  consideration. 

(E)  Drag  and  Suction  Measurements 

The  experiments  were  conducted  in  AEDC  Tunnel  A;  S.  R.  Pate  of 
ARO,  Inc.,  was  project  engineer  (References  106  &  109).  The  first  tests  took 
place  in  March  1962,  the  second  tests  with  the  modified  suction  system  in  Octo¬ 
ber  1962.  Preliminary  results  of  both  tests  were  reported  in  References  110  and 
111. 


The  suction  and  drag  coefficients  of  a  two-dimensional  swept  wing 
are  defined  in  Part  (H)  of  this  report,  which  also  includes  a  derivation  of  the 
wake  drag  in  compressible  flow.  The  coordinates  and  velocity  components  used 
are  shown  in  Figure  75. 

Plots  of  wake,  suction  and  total  drag  coefficients  vs  total  suc¬ 
tion  coefficient  are  presented  in  Figures  76  to  82  for  Mach  numbers  M  =  2.5, 

3.0  and  3.5  and  for  three  rake  locations  (end  of  suction  chambers  6,  7  and  8). 

The  test  points  from  the  two  tests  are  marked  differently  to  demonstrate  the 
different  behavior  of  the  model  with  the  two  suction  arrangements. 

The  first  tests  provided  laminar  flow  at  M  =  2.5  up  to  the  highest 
possible  tunnel  pressures;  the  flow  over  the  last  few  inches  was  disturbed,  prob¬ 
ably  by  the  reflected  shock  from  the  leading  edge.  No  laminar  flow  could  be 

obtained  at  x  «  37.8  inches  for  unit  Reynolds  numbers  >  0.42  x  10^  per  inch, 

but  the  flow  remained  laminar  at  x  =  32.8  inches  up  to  the  highest  value  of 

a  0.54  X  10^  per  inch.  The  tests  at  M  =  2.5  with  the  first  suction  system 
were  conducted  at  low  total  suction  coefficients.  It  was  observed  during  these 
tests  that  suction  in  chambers  2,  3  and  4  had  to  be  kept  at  low  values  (less 
than  one-half  of  the  suction  quantities  sucked  through  chamber  1)  in  order  to 
maintain  laminar  flow.  Appaicntly,  some  disturbance  of  unknown  nature  caused 
instability  of  the  laminar  boundary  layer  at  higher  suction  quantities,  A  possible 
reason  for  such  a  behavior  may  be  found  in  the  fact  that  the  bonding  of  the  outer 
skin  was  not  as  uniform  as  on  the  other  suction  models;  a  portion  of  the  outer 
skin  was  loose  in  the  front  portion  of  the  model  and  was  fastened  to  the  inner 
structure  by  a  few  rivets.  In  spite  of  the  limitation  in  the  adjustment  of  the 
suction  distribution,  a  sufficient  number  of  test  points  was  recorded  in  the 
range  of  the  minimum  total  drag. 

The  tests  with  the  first  suction  system  at  M  =  3.0  were  restricted 
to  length  Reynolds  numbers  below  Rj^  ~  13  x  10^.  Reduced  suction  was  again  required 

in  the  third  and  fourth  suction  chambers.  The  maximum  suction  quantities  available 
in  the  first  two  chambers  were  not  sufficient  to  obtain  laminar  flow  at  higher 
Reynolds  numbers.  No  laminar  flow  was  observed  with  the  first  model  at  M  =  3.5. 

The  modified  suction  system  provided  laminar  flow  and  low  drag 
coefficients  at  rather  uniform  suction  distributions  at  M  =  3.5  up  to  the  highest 
possible  Reynolds  numbers.  Suction  could  be  reduced  considerably  in  the  rear 
half  of  the  model  without  a  drag  penalty.  The  curves  at  R  =  19.7  x  10^  in 
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(E)  Drag  and  Suction  Measurements  (continued) 


Figure  81  show  that  the  total  drag  still  decreased  for  total  suction  coefficients 

<  3  X  10"^.  Although  the  boundary  layer  velocity  profiles  looked  rather 

unstable,  they  remained  thin  enough  so  that  the  reduction  in  suction  drag  was 
larger  than  the  increase  in  wake  drag. 

Full  laminar  flow  up  to  the  maximum  Reynolds  number  was  also 
observed  with  the  modified  suction  system  at  M  =  3.0  and  2.5.  The  measurements 
at  low  Reynolds  numbers  agree  with  the  data  obtained  during  the  first  tests 
(Figures  76  and  79a).  With  increasing  Reynolds  numbers  it  became  necessary 
to  maintain  high  suction  quantities  in  the  front  half  of  the  model,  resulting  in 
rather  high  total  suction  coefficients  and,  therefore,  total  drag  coefficients. 

The  minimum  total  drag  and  optimum  total  suction  coefficients  are 
presented  in  Figures  83  to  85  for  the  three  Mach  numbers.  The  optimum  data  at 
M  =  2.5  and  at  the  low  Reynolds  numbers  at  M  =  3.0  were  observed  in  the  first 
tests;  the  high  Reynolds  number  points  at  M  =  3.0  and  all  values  at  M  =  3.5 
resulted  from  the  second  tests.  The  minimum  total  drag  coefficients  near  the 
trailing  edge  (x^-^j^g  =  37.8  inches  =  0.97  c)  were  slight ly  lower  than  two  times 

the  friction  coefficient  of  a  laminar  plate  at  M  =  2.5  and  3.5  and  approximately 
^^lam  plate  at  M  =  3.0  and  Reynolds  numbers  beyond  13  x  10^.  The  optimum 

total  suction  coefficients  were  near  2.5  x  10"^  at  M  =  2.5,  near  3.0  x  10"^  at 

M  =  3.5  and  above  4.0  x  10"^  at  M  =  3.0.  Lower  drag  and  suction  coefficients 
were  observed  at  stations  ahead  of  the  trailing  edge. 

The  variation  of  (Cj),.)  and  (Cu,.)  with  Mach  and  Reynolds 

min  t  min 

numbers  is  not  as  uniform  ns  was  observed  on  the  flat  plate  model  (Section  11, 

Part  2,  Chapter  A).  The  data  indicate  e,  rather  high  degree  of  sensitivity  toward 
the  suction  system.  Apparently,  it  is  not  possible  to  use  one  suction  arrange¬ 
ment  for  the  whole  Mach  and  Reynolds  number  range  which  was  covered  in  this  test 
program.  A  further  discussion  of  the  test  results  will  be  presented  in  the  fol¬ 
lowing  section  in  connection  with  theoretical  developments  of  the  laminar  boundary 
layer  at  typical  test  conditions. 

(F )  Comparison  of  Test  Results  with  Theory 

Calculations  of  the  development  of  the  laminar  boundary  layer  over 
the  36°  swept  wing  of  3-percent- thick  biconvex  section  were  conducted  by  means  of 
the  method  of  Reference  45  at  Mach  numbers  2.5,  3.0  and  3.5  and  suction  distribu¬ 
tions  which  were  close  to  experimental  cases.  The  potential  flow  pressure  distri¬ 
bution  was  determined  by  means  of  second-order  theory.  The  suction  distribution 
is  defined  by  an  equivalent  continuous  inflow  coefficient 
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which  is  related  to  the  individual  suction  coefficient  by  the  equation 


(F)  Comparison  of  Test  Results  with  Theory  (continued) 


where  is  the  length  of  the  suction  chamber;  uniform  suction  is  assumed 

through  each  chamber.  Parameters  for  estimating  the  stability  of  the  boundary 

layer  are  the  Reynolds  numbers  Rj^  based  on  the  momentum  thickness  655  the 

s  s 

direction  of  the  local  streamline  and  the  crossflow  Reynolds  number  Rq^j^  based 

on  maximum  crossflow  velocity  and  a  boundary  layer  thickness  defined  as  the 
height  where  the  crossflow  velocity  is  one-tenth  of  its  maximum  value.  The 
theory  provides  both  Reynolds  numbers  divided  by  /R^* 

Theoretical  drag  coefficients  were  computed  in  the  same  manner 
as  they  were  evaluated  from  the  wind  tunnel  tests.  The  detailed  expressions 
are  presented  in  Part  (I)  of  this  report.  Numerical  values  of  the  chord  Reyn¬ 
olds  number  R^  were  selected  so  that  the  theoretical  data  could  be  compared 

with  the  experimental  results. 

Boundary  layer  calculations  were  conducted  for  the  following 

cases; 
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00 

Suction  Distribution 
Selected  from 

Drag  Comparison  at 
10"^  Rc 

Figure 

Numbers 

2.5 

1.222 

First  tests 

11.1,  16.6,  19.8 

86a,  b,  c 

2.5 

2.013 

Second  tests 

• 

ro 

• 

0 

87a,  b,  c 

3.0 

1.840 

First  tests 

13.0 

88a,  b 

3.0 

1.982 

Second  tests 

25.5 

89a,  b 

3.5 

1.698 

First  tests 

20.2 

90a,  b 

The  suction  distribution  in  Figure  86a  at  M  =  2.5  is  typical 
of  the  first  tests  --  high  suction  in  the  first  chamber,  low  suction  in  chambers 
2,  3  and  4.  The  effect  of  this  non-uniform  distribution  on  the  developments  of 
Rjj^^  and  Rq.i  is  quite  insignificant,  which  confirms  the  conclusion  discussed 

in  the  previous  section  that  some  disturbance  must  have  existed  in  the  front  part 
of  the  model  which  caused  boundary  layer  instability  at  higher  suction  quanti¬ 
ties.  The  agreement  between  theoretical  and  experimental  drag  data  (Figures 
86b,  c,  d)  is  satisfactory,  except  for  the  higher  values  of  Cj)^  near  the  trail¬ 
ing  edge  which  were  probably  caused  by  shock  interference.  Figures  86b,  c,  d 
include  numerical  values  for  the  crossflow  Reynolds  number;  they  exceeded  the 
value  of  250  in  the  rear  portion  of  the  wing.  The  streamwise  component  of  the 

boundary  layer  was  rather  stable.  Rv  ~  0.3  for  x/c  >  0.6,  so  that 

s  s  ^ 

Rjj^^  ~  1350  at  Rj,  ~  20  X  10^. 


The  second  calculation  at  M  =  2.5  was  conducted  at  a  suction  dis¬ 
tribution  typical  for  the  second  tests  (Figure  87a).  The  agreement  of  the 
experimental  drag  coefficients  with  the  theoretical  values  is  good  at 

Rc  =  13.5  X  10^  (Figure  87b);  the  experimental  values  of  are  40  to  50 
percent  higher  than  the  theoretical  data  at  =  21.0  x  10^  (Figure  87c). 
Crossflow  Reynolds  numbers  with  laminar  flow  stayed  below  200. 
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(F)  Comparison  of  Test  Results  with  Theory  (continued) 


The  nearly  constant  suction  distribution  at  M  =  3.0  (Figure  88a) 
agreed  with  the  experimental  data  presented  in  Figure  88b,  except  that  suction 
was  lower  by  nearly  20  percent  in  the  third  and  fourth  suction  chambers.  The 
experimental  wake  drag  coefficient  at  R^.  =  13.0  x  10^  increased  rapidly  over  the 

last  10  percent  of  chord.  The  maximum  crossflow  Reynolds  number  with  laminar 
flow  was  of  the  order  of  130. 

The  second  suction  distribution  at  M  =  3.0  (Figure  89a)  was 
typical  for  the  second  tests  --  high  suction  in  front,  low  in  the  rear.  At 

Rj,  =  25.5  X  10^,  it  produced  crossflow  Reynolds  numbers  which  increased  from 
Ro.i  =  140  at  x/c  =  0.7  to  Rq.i  =  280  at  x/c  =  1.0.  The  measured  wake  drag 
coefficients  were  30  to  50  percent  higher  than  the  theoretical  values.  The 
experimental  and  theoretical  boundary  layer  velocity  profiles  for  this  case 
are  shown  in  Figure  91.  The  two  profiles  agree  at  x  =  32.8  inches  except  for 
a  small  thickening  near  the  outer  edge  (u/U  >  0.95);  the  experimental  profile 
at  X  =  37.8  inches  deviates  more  from  the  theoretical  profile  at  velocity  ratios 
u/U  >  0.8. 


At  M  =  3.5,  the  experimental  values  of  were  about  50  percent 

higher  than  the  theoretical  values  (Figure  90b).  The  crossflow  Reynolds  number 
increased  from  Rq.i  =  190  at  x/c  =  0.7  to  Rq.i  =  315  at  x/c  =  1.0.  The  stream- 

wise  boundary  layer  component  is  quite  stable,  =  1200  at  x/c  =1.0  and 

R(.  =  20.2  X  10^. 

The  high  wake  drag  coefficients  at  M  =  3.0  and  3.5  and 
R^  >  20  X  10^  (Figures  89b  and  90b)  occurred  at  crossflow  Reynolds  numbers 

near  300.  This  might  lead  to  the  conclusion  that  the  crossflow  stability  limit 
was  exceeded  by  a  large  margin.  Since  Figures  86b  to  d  showed  good  agreement 
between  theory  and  experiment  up  to  Rq.i  ~  250,  this  value  should  be  considered 

as  an  upper  limit  of  the  crossflow  Reynolds  number  near  the  trailing  edge  of 
the  wing. 


For  a  few  cases,  the  thickness  of  the  sucked  layer  was  computed 
and  compared  with  the  actual  slot  width.  At  M  =  3.5  the  slot  widths  were  about 
2.2  to  2.5  times  larger  than  the  thicknesses  of  the  sucked  layer.  Apparently, 
with  the  low  values  for  the  slot  flow  Reynolds  number,*  no  disturbances  developed 
at  the  slot  inlets  which  affected  the  stability  of  the  boundary  layer  flow.  The 
high  suction  quantities  in  the  front  half  of  the  model  which  were  required  to 
maintain  laminar  flow  at  M  =  2„5  and  3.0  (typical  suction  distriuutions  are 
included  in  Figures  87a  and  89a)  resulted  in  a  ratio  of  slot  width  to  thickness 
of  the  sucked  layer  of  the  order  of  3.0.  It  is  possible  that  at  lower  suction 
quantities,  the  discrepancy  between  slot  width  and  thickness  of  the  sucked 


*The  slot  flow  Reynolds  number,  Rg,  is  defined  by  the  slot  width,  the  average 
inflow  velocity  into  the  slot  and  the  v«ll  density  and  viscosity.  Its  value  at 
M  =  3.5  was  always  below  30.  Flow  separation  effects  are  not  expected  to  become 
serious  before  R^  exceeds  a  value  of  ~  120. 


4 


p  m 


(F)  Comparison  of  Test  Results  with  Theory  (continued) 

layer  might  have  been  so  large  that  the  separation  of  the  sucked  air  at  the  slot 
entrance  caused  major  disturbances  to  the  boundary  layer  flow.  The  assumption 
that  the  flow  did  not  attach  to  the  slot  walls  Is  confirmed  by  the  fact  that 
considerably  higher  pressure  losses  through  the  skin  were  measured  than  was  com¬ 
puted  under  the  assumption  that  the  sucked  air  filled  the  slots  uniformly. 

The  slots  of  the  modified  suction  arrangement  were  built  so  wide 
In  order  to  reduce  the  pressure  losses  through  the  skin  and  to  provide  adequate 
suction  quantities,  especially  for  the  tests  at  M  =  3.5.  Probably,  these  slot 
widths  were  too  wide  for  tests  at  optimum  suction  distributions  and  the  lower 
Mach  numbers  where  smaller  volumes  of  air  have  to  be  sucked  through  the  slots. 

(G)  Determination  of  Suction  and  Drag  Coefficients  of 

Untapered  Swept  Wings  In  Compressible  Flow 

The  suction  and  drag  coefficients  of  an  untapered  swept  wing  shall 
be  referred  to  quantities  measured  In  flow  direction,  such  as  undisturbed  velocity 
Qoo  and  chord  length  c  (Figure  75).  The  local  suction  coefficient  of  the  k^^* 

chamber,  which  Is  located  between  the  chordwlse  stations  and  and  has  an 

average  span  b^  (measured  perpendicular  and  parallel  to  the  leading  edge)  Is 

defined  by 


PxQ«g  c  bj^  ~  b^ 


k+1 


Pw 


where  Vq  Is  the  continuous  Inflow  velocity  through  the  skin,  P„  =  wall  density, 
bj^c  =  hj^c*.  The  total  suction  coefficient  per  unit  span  Is  equal  to 


w„  =  f 
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The  suction  drag  coefficient  of  the  k  chamber  Is  defined  as 
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where  is  defined  by  the  static  pressure  p  inside  the  suction  chamber: 
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It  is  assvuned  that  the  air  from  the  chamber  is  compressed  to  ambiect  pressure 
Pg,  and  accelerated  to  freestream  velocity  The  total  suction  drag  coefficient 

is  given  by 


The  wake  drag  is  defined  as  the  momentum  loss  of  the  external 
air.  Its  value  for  a  two-dimensional  swept  wing  in  incompressible  flow  has  been 
derived  in  Reference  69.  The  same  procedure  can  be  applied  to  compressible  flow. 
The  momentum  loss  of  the  air  in  a  spanwise  section  of  width  b*  (s'  Figure  75) 
is  determined  by 

)  t  00 

»  P 

=  dy>  Pu[(Ua,  -  u)  COS0  +  (Vo,  -  v)  sinQ]  ds, 
o  o 

where  the  integrations  have  to  be  carried  out  far  enough  downstream  of  the  wing. 
The  wake  drag  coefficient  is  equal  to 
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(llote  that  b*  =  b/cos0,  c*  «=  c  cosO,  b»c*  =  be.) 


The  following  displacement  and  momentum  thicknesses  can  be  defined 
on  a  swept  wing  (the  subscript  1  refers  to  the  conditions  at  the  outer  edge  of 
the  boundary  layer); 


U 
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(G)  Determination  of  Suction  and  Drag  Coefficients  of 

Untapered  Swept  Wings  In  Compressible  Flow  (continued) 

Then  Equation  (1)  can  be  written  as 

%  -  I  uu  cos^Q  +  (5vu)m  sln^9]  (2) 

The  subscript  oo  has  been  added  to  Indicate  that  the  values  of  the  momentum  thick¬ 
nesses  have  to  be  evaluated  Infinitely  far  downstream. 

The  relations  between  the  momentum  thickness  at  Infinity  and  at 
the  trailing  edge  of  the  wing  can  be  obtained  In  the  usual  way  from  the  momentum 
equations  of  a  swept  wing  In  compressible  flow,  which  can  be  written  (Reference 
ll2)ln  the  form 


,<l>lll‘6uu)  +  f  ,=  0 


dx 


^-(Pl^^vu) 


=  0 


since  there  Is  no  friction  aft  of  the  trailing  edge.  Integrating  these  equations 
between  the  trailing  edge  and  Infinity  results  In 
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Use  has  been  made  of  the  relations 


1  '^Pl  _  „  dU  j  „  ^u 

°1  dx  q2  dx  ^ 


(3) 

(4) 


The  bar  on  top  of  the  exponent  In  Equation  (3)  means  the  average  value  of  the 
expression  between  the  trailing  edge  and  Infinity,  =  U'^  +  V^,  V  =  V„  =  const, 
M  =  Q/a,  Introducing  Equations  (3)  and  (4)  Into  (2)  leads  to 
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(G)  Determination  of  Suction  and  Drag  Coefficients  of 


Untapered  Swept  Wines  in  Compressible  Flow  (continued) 


This  expression  can  be  simplified  by  utilizing  the  fact  that 
the  potential  flow  velocity  at  the  trailing  edge  is  only  a  few  percent  higher 
than  the  freestreara  velocity,  so  that  only  the  first-order  terms  of 

Qte 

^  =  Q  7  ■  ' 


have  to  be  considered.  This  leads  to  the  following  approximate  relations: 

2  2  2  2 
from  Uj-g  =  Qte  ”  Qas  sin  0  follows 
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cos^G 
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cos  G 


The  density  ratio  at  the  trailing  edge  is  defined  by 

1 


Poo  ^ 


P  2 


The  Mach  number  ratio  at  the  trailing  edge  is  related  to  the  velocity  ratio 
in  the  form 
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Equations  (6a)  and  (6c)  can  be  used  to  determine 
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(G)  Determination  of  Suction  and  Drag  Coefficients  of 

Untapered  Swept  Wines  in  Compressible  Flow  (continued) 
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Later  in  the  derivation  the  following  quantities  will  be  used: 
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Evaluation  of  the  exponent  of  Uj-g/Ug^,  in  Equation  (3)  requires  an  estimate  for 
the  expression  =  6u/(>uu*  ^  straight  wing  (Reference  123)  it  is  assumed 

that  the  flow  becomes  turbulent  aft  of  the  last  suction  slot  so  that  the  value 
of  is  taken  as  that  of  a  flat  plate  at  the  local  Mach  number  M.  In  case  of 
a  swep'.  wing,  the  additional  assumption  is  made  that  the  u  and  v  components  of 
the  boundary  layer  are  similar,  u/U  =  v/V;  this  was  confirmed  with  sufficient 
accuracy  by  laminar  boundary  layer  calculations  on  thin  swept  wings  with  super¬ 
sonic  leading  edges  up  to  50®  sweep.  Since  the  compressibility  correction  for 
the  displacement  and  momentum  thickness  depend  only  on  the  density,  which  is  a 
function  of  the  resultant  velocity,  the  resultant  Mach  number  and  not  the  com¬ 
ponent  in  chordwise  direction  has  to  be  taken  for  estimates  of  6^  and  6uu** 
Therefore,  the  same  expressions  can  be  used  for  which  were  developed  in 
Reference  123: 


u  te 


1.29  +  0.44  M: 


(H^)^  =  1.00  +  0.40  M^. 


Introducing  the  first-order  terms  of  Equations  (6a)  through  (6f)  result  in 

1  1  1  /U^\  1  /  0^\ 

„u  .  2  -  ^  -  (H,)^^.  .  .  2  -  i  (;;t)  -  ^  H) 

a  a  ;f. 


*This  fonnulation  was  suggested  by  J.  Goldsmith,  Norair  Boundary  Layer 
Research  Section. 
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(G)  Determination  of  Suction  end  Drag  Coefficients  of  Untapered 
Swept  Wings  In  Compressible  Flow  (continued) 

«  “  {1.29  +  .44  [1  ♦  2T1  (1  ♦  .2  mJ)]}  +  ^  (1  +  .4  M^)  +  2 
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(-—)  ®  -  1  +  (3.145  -  .58  m2  cos2g  +  .42  mJ  sln2e)  — L 

cos2' 


■e 


^te^te  .  .  /  1  .,2x  -n 

TTr"  "  ^  ^ ^ 

Poo“»  COS^ 


Introducing  these  expressions  Into  Equation  (5)  provides 

+  Tl  ^(3.145  -  .58  cos ^9  +  .42  li  sin 20) 

+  (1  -  cos20)  (6^)^^  tan20]} 


(7) 


This  expression  has  to  be  modified  since  6yy  and  6yu  cannot  be 

measured  directly.  The  streamlines  ,at  the  outer  edge  of  the  boundary  layer  and 
their  normals  are  Introduced  now  as  new  coordinates  and  the  local  boundary  layer 
velocity  components  u  and  v  are  transformed  to  s  and  n  (see  Figure  75)  by  means 
of  the  relations 


s 


n 


The  boundary  layer  thicknesses  In  these  new  directions  are  defined  as  follows 
(see  Ref  once  45;  note  that  the  present  notation  Is  different  from  that  of 
Reference  i 
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(G)  Determination  of  Suction  and  Drag  Coefficients  of 

Untapered  Swept  Wings  in  Compressible  Flow  (continued) 


6  =  (1  -  _eL)d2 

^  PiQ 

o  ^ 


‘n*  ITTT'** 
■)  PiQ 

O 


-BS_  (1  -  £)d2 
PlQ  Q 


ns  1  2 

i  piQ^ 


nn  9 

o  PiQ^ 


The  following  relations  exist  between  the  different  boundary  layer  thicknesses: 


=  See  +-  (S„c  -  6„)  +1  -1-6, 

1111  cc  ‘  '  n  c  n '  '  riQ  ^  r 


uu  ss  '  y  '  ns  n' 


6vu  -  ■  ‘n)  ■  I  6ns  +  6. 


cos%  +  6^  sln%  =  655  +X  (6„5  .  6„) 


v2  -  q2  sin^e 


(6„„  -  ii 

'  nn  y  ns  ^ 


The  theoretical  boundary  layer  calculations  on  the  present  con¬ 
figuration  at  Mach  numbers  between  2.5  and  3,5  showed  the  following  orders  of 
magnitude: 


Sns  -  ^n  <  0-02 


6nn  <  0.001  653 


Sns  0,06  633 


Since  the  factor  of  -  —  6j^3)  in  Equation  (8c)  is  small 

’I  (see  Equation  60  --  Equation  (8c)  can  be  approximated  by 


of  the  order  of 


(Suu)j.g  cos  0  +  (Svu)j.g  sin-^0  «  633 


occur  separately  in  Equation  (7)  as  factors  of  7,.  Introducing 
the  approximate  values  of  Equation  (8d)  into  (8a)  and  (8b)  shows  that  (6,,,,)  and 


^  '^^eviate  from  o^g  by  small  quantities.  In  first-order  approximation  the.re- 


uu'te 


fore  (‘uu^te 


(  i  _  c; )  Ii  and 

SS  j-g  I 


—  fl  +  (3.145  +  tan^e  -  0.58  mI)!,! 


(G)  Determination  of  Suction  and  Drag  Coefficients  of 

Untapered  Swept  Wings  in  Compressible  Flow  (continued) 


where 


Since  the  streamline  direction  at  the  trailing  edge  deviates  from  the  freestream 
direction  only  by  a  few  degrees  (the  angle  is  proportional  to  11),  the  boundary 
layer  rake  in  flow  direction  determines  the  value  of  6gg  with  sufficient  accuracy 

Since  the  measured  streamwise  boundary  layer  velocity  profiles 
near  the  wing  trailing  edge  of  the  model  deviated  from  the  theoretical  ones  by 
a  certain  amount,  as  was  discussed  in  Part  (F),  it  is  possible  that  the  order 
of  magnitude  of  the  crossflow  boundary  layer  quantities  6^5*  is  differ¬ 
ent  from  the  theoretical  estimates  mentioned  above.  But  it  is  expected  that 
they  remain  small  enough  so  that  the  accuracy  of  Equation  (9)  is  not  affected. 


(H)  Evaluation  of  Wake,  Suction  and  Total  Drag  Coefficients  at 
an  Arbitrary  Chordwise  Station  from  Theoretical  Boundary 
Layer  Calculations 

The  boundary  layer  calculations  were  conducted  at  a  certain  total 
suction  coefficient,  defined  by 


f*  d  i 
0  c 


At  an  arbitrary  station  x  <  c; 


Cwj.(x:) 


Wt.(x) 

P^QcogX 


f*  d  - 
o  c 


The  wake  drag  coefficient  is  defined  by 


2D„(x) 
PcoQI  X 


26ss(^) 

X 


[1  +  (2M  _  1)  f  (^^,9)] 

'^co 


f(M„,9)  =  3.145  +  tan^e  -  0.58  m£ 


The  boundary  layer  integration  program  (Reference  45) 
therefore 


provides  6*  (x) 
s  s 


(H)  Evaluation  of  Wake,  Suction  and  Total  Drag  Coefficients  at 
an  Arbitrary  Chordwlse  Station  from  Theoretical  Boundary 
Layer  Calculations  (continued) 


Cj3  (x)  = - [l  +  (%I  -  1)  f 

x/c  /Rc  Qo. 


The  suction  drag  coefficient  is  proportional  to  Ct^^,  An  average  factor 


was  evaluated  from  the  present  tests.  The  curves  of  vs  in  Figures 


76  to  82  can  be  approximated  by 


(x)  =  C„  (x)  [l  +  100  I-I  a,  (x)l. 


Finally, 


Cn.  (x)  =  Cn  (x)  +  Cr.  (x) 


The  local  crossflow  Reynolds  number  Rq,i  is  obtained  from  the 
value  which  is  tabulated  in  the  boundary  layer  integration  program. 


(I)  Conclusion 


Low  drag  boundary  layer  suction  experiments  on  a  36°  swept  wing 
of  3-percent  biconvex  cross  section  (perpendicular  to  the  leading  edge)  pro¬ 
vided  the  following  results: 


(1)  Laminar  flow  was  maintained  up  to  the  highest  possible 
Reynolds  numbers:  R  =  17  x  10^  at  M  *  2.5,  R  =.25  x  10^  at  M  =  3.0,  and 


R  =  20  X  10°  at  M  =  3.5. 


(2)  The  minimum  total  drag  coefficients  measured  near  the  trail¬ 
ing  edge  of  the  wing  (x  =  ,97  c)  were  close  to  twice  the  friction  coefficient  of 

a  flat  plate  at  M  =  2.5  and  3.5  and  about  2.4  times  Cf,  ,  at  M  =  3.0. 

^lam  plate 


(3)  Optimum  total  suction  coefficients  were  below  3.0  x  10" 
at  M  =  2,5,  near  4,0  x  10"^  at  M  =  3,0  and  near  3,0  x  10“^  at  M  =  3,5, 


(4)  The  theoretical  laminar  boundary  layer  development  at  typi¬ 
cal  suction  distributions  provided  crossflow  Reynolds  numbers  near  the  trailing 
edge  up  to  250  with  laminar  flow  and  values  up  to  around  300  with  low  total 
drag  coefficients. 
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(I)  Conclusion  (continued) 


(5)  The  model  was  sensitive  to  suction.  Two  surfaces  with  dif¬ 
ferent  slot  widths  were  tested.  The  narrow  slots  (first  tests)  provided  better 
results  at  M  =  2.5;  the  wider  slots  (second  tests)  were  better  at  M  =  3.5. 


b.  BOUNDARY  LAYER  TRANS IHON  MEASUREMENTS  ON  SWEPT  WINGS  AT 
SUPERSONIC  SPEEDS 


E.  £.  Groth 


(A)  Summary 

Boundary  layer  transition  measurements  were  conducted  in  AEDC 
Tunnel  E-1  on  two-dimensional  swept  wings  of  24,  36  and  30**  sweep  at  Mach  num¬ 
bers  between  2.5  and  5.0.  Two  models  were  built;  one  had  a  3-percent-thlck 
biconvex  section,  and  the  other  section  was  a  combination  of  a  straight  wedge 
with  a  biconvex  section.  The  test  results  showed  a  strong  dependence  on  the 
leading  edge  bluntness.  The  measured  reduction  of  transition  length  Reynolds 
number  due  to  sweep  was  of  the  same  order  as  obtained  on  blunt  flat  plate  models 
from  earlier  NASA  measurements.  The  effect  of  the  two  different  airfoil  sections 
on  transition  was  negligible. 

(B)  Notation 

9  45 

c  wing  chord  in  flow  direction,  c  =  — * —  (in.) 

cosA 

X  lengthwise  coordinate  measured  in  flow  direction 

Xj  distance  to  transition 

Q  local  resultant  potential  flow  velocity 

0^  freestream  velocity 

6  momentum  thickness  in  streamline  direction 

■  Q®/VaB*  unit  Reynolds  number 

^  transition  Reynolds  number 

Rg  ■  6Q/v»  momentum  thickness  Reynolds  number 

N).l  *  "max^O.l^Vt  crossflow  Reynolds  number 

ngi^x  maximum  crossflow  velocity 

height  in  boundary  layer  where  crossflow  velocity 
n  ■  O.lnaax 

A  sweep  angle 

(C)  Introduction 


The  available  information  on  boundary  layer  transition  on  swept 
wings  at  supersonic  speeds  is  rather  small.  A  few  tests  conducted  on  flat  swept 
surfaces  (References  113  &  114)  showed  a  reduction  of  the  transition  Reynolds 


(C)  Introduction  (continued) 


number  with  increasing  sweep  angle.  A  theoretical  analysis  (References  and 
115)  confirmed  this  trend  by  computing  the  local  flow  conditions  aft  of  the 
detached  shock  wave  which  develops  ahead  of  the  blunt  leading  edge  of  a  swept 
wing.  An  additional  reduction  of  the  transition  Reynolds  numbers  on  swept  wings 
seemed  to  be  caused  by  the  boundary  layer  crossflow  at  the  blunt  leading  edge. 
Since  any  curved  airfoil  section  on  a  swept  wing  causes  additional  crossflow 
co^>onents  along  the  whole  wing  chord,  a  wind  tunnel  program  was  conducted  at 
AEDC  Tunnel  E>1  for  the  purpose  of  investigating  the  effect  of  two  different 
airfoil  sections  on  boundary  layer  transition  at  various  sweep  angles  and  Mach 
numbers. 


(D)  Description  of  the  Model  and  Its  Instnimentation 


Since  the  original  purpose  of  the  tests  was  to  provide  boundary 
layer  transition  data  for  the  36**  swept  suction  wing  (Chapter  C-a  above),  the 
model  had  the  same  cross  section  as  this  suction  wing.  The  upper  surface  was 
a  3-percent- thick  biconvex  section;  the  lower  surface  was  flat  with  an  11.84° 
bevel  angle  at  the  leading  edge  (both  values  measured  perpendicular  to  the  lead¬ 
ing  edge).  The  sides  of  the  model  were  cut  off  in  such  a  way  that  the  model 
could  be  rotated  about  its  central  mounting  sting  to  any  sweep  angle  between  24 
and  50°. 


In  order  to  investigate  the  effect  of  crossflow  on  boundary  layer 
transition,  a  second  model  of  the  sane  planform  and  a  modified  sirfoil  section 
was  built.  The  second  model  had  a  straight  wedge  section  over  the  first  17  per¬ 
cent  chord,  followed  by  a  biconvex  section  of  slightly  larger  curvature  to  match 
the  total  thickness  ratio  of  the  first  model.  The  actual  coordinates  of  the  two 
sections  are  defined  by  the  following  equations: 


Biconvex  Section  Modified  Section 

y  ■>  0.06  X  (1  -  x)  y  ■  0.045  x  0  ^x  5:  0.16667 

y  -  0.0675  [x(l  -  x)  -  0.02778]  0.16667  fi  x  s  0.83333 

y  »  0.045  (1  -  x)  0.83333  s  x  s  1.00 

The  coordinates  x  and  y  are  made  nondimensional  by  the  chord  length  (c  >  9.45 
inches,  measured  perpendicular  to  the  leading  edge). 

Since  the  bottom  surface  had  a  steeper  slope  than  the  upper  side 
near  the  leading  edge,  it  was  considered  possible  that  the  unsynaetric  flow  field 
near  the  leading  edge  at  zero  degree  angle  of  attack  might  affect  the  boundary 
layer  development  on  the  test  surface.  Arrangements  were  therefore  made  to  test 
both  models  at  angles  of  attack  at  which  the  pressures  on  the  top  and  bottom  sur¬ 
faces  were  ciqual  near  the  leading  edge.  This  angle  was  a  ■>  -4.20°  for  the  bicon¬ 
vex  section  am)  -4.63°  for  the  modified  one,  both  angles  measured  perpendicular 
to  the  leading  edge. 

Transition  was  measured  with  a  movable  total  head  probe.  For  the 
observation  of  possible  spanwise  effects,  three  probe  heads  were  mounted  on  a 
holding  fixture  and  moved  simultaneously  along  the  wing.  The  position  of  the 
probe  heads  was  adjustable  in  chord  and  spanwise  directions.  Pressure  trans¬ 
ducers  t^ere  located  inside  the  housings  close  to  the  probe  tips  so  that  the  time 
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(D)  Description  of  the  Model  and  Its  Instrumentation  (continued) 


lag  of  the  pressure  readings  could  be  neglected.  Reference  pressures  for  the 
transducers  could  be  provided  by  a  total  head  probe  outside  the  boundary  layer 
or  by  some  outside  source,  such  as  tunnel  freestream  static  pressure  or  vacuum. 
Since  the  moving  mechanism  for  the  probes  was  located  in  a  fixed  position  in  the 
center  of  the  tunnel,  the  individual  probe  heads  had  to  be  built  in  such  a  way 
that  they  could  follow  the  curved  wing  surface  at  both  angles  of  attack.  The 
probes  were  held  against  the  surface  by  a  magnet.  The  heads  were  movable  around 
a  pivot  point,  and  the  height  above  the  surface  was  self-adjusted  by  a  shaft 
mounted  in  ballbearings.  The  moving  mechanism  was  available  from  previous,  simi¬ 
lar  tests  conducted  by  ARO,  Inc.  (Reference  116). 

The  model  was  equipped  with  three  rows  of  static  pressure  orifices 
for  checking  the  surface  pressure  distribution.  A  surface  spray  suitable  for 
blowdown  tunnel  operation  was  developed  at  ARO  and  used  as  an  alternate  method 
for  detecting  transition. 

Two  sketches  of  the  model,  its  instrumentation  and  its  mounting  in 
the  tunnel  are  presented  in  Figures  92  and  93,  two  photographs  in  Figures  94 
and  95.  The  shapes  of  the  biconvex  and  modified  airfoil  sections  are  compared 
in  Figure  96;  the  selected  spanwise  stations | for  the  three  probe  heads  at 
the  three  sweep  angles  of  24,  36  and  50**  are  shown  in  Figure  97. 


(E)  Results  of  the  Transition  Measurements 

A  complete  description  of  the  tests,  the  recording  and  evaluation 
of  the  transition  traces  from  the  pitot  probes  and  the  test  results  are  presented 
by  S.  R.  Pate,  project  engineer  at  ARO,  Inc.,  in  Reference  9i.  Since  the  report 
was  not  available  in  time  to  be  Included  in  this  place,  some  of  the  test  results 
are  submitted  and  discussed  in  this  chapter. 

Figures  98  to  100  present  the  transition  Reynolds  numbers  Rj  vs 
freestream  unit  Reynolds  number  R^^^  per  inch  for  the  three  sweep  angles  of  24, 

36  and  SO**  and  Mach  numbers  3.0  cuid  4.0  and  the  two  airfoil  sections.  Rj  is 
defined  by 


Rj 


^  Qc. 

V* 


where  xj  and  are  measured  in  flow  direction.  Station  xj  is  defined  as  the 
beginning  of  transition,  l.e.,  the  point  where  the  chordwise  trace  of  the  total 
pressure  near  the  surface  starts  to  deviate  from  its  trend  in  laminar  flow  (for 
details  see  Reference  91).  The  local  Reynolds  number  at  station  xj  was  not  much 

different  from  the  freestream  or  50  percent  chord  value  at  o  =  0**;  the  largest 
discrepancy  occurred  at  the  stagnation  point  where  Rg^agn 

cent  larger  than  r£^^  for  the  sweep  angles  and  Mach  numbers  under  consideration. 

All  measurements  show  a  spanwise  variation  of  transition;  the 
upstream  portion  of  the  swept  wing  had  larger  transition  lengths  than  the  down¬ 
stream  portion.  The  increase  of  transition  Reynolds  number  with  is  linear 

in  log- log  scale,  except  for  a  few  data  at  50®  sweep.  The  exponent  n  in 


(E)  Results  of  the  Transition  Measurements  (continued) 


varied  with  the  test  condition;  it  is  plotted  versus  sweep  angle  in  Figure  101 
for  the  three  cases  presented  in  Figures  98  tolOO.  At  A  =  24  and  36°,  the 
values  of  n  scattered  around  the  value  of  0.5,  which  occurred  frequently  at 
flat  plate  measurements;  n  was  considerably  lower  at  A  =  50°. 

The  variation  of  Rj  with  Mach  number  (Figures  98  and  99)  was 
small;  slightly  lower  values  were  recorded  at  M  =  4.0  than  at  3.0.  Reference 
116  shows  nearly  constant  Rx  values  on  a  hollow  cylinder  in  this  Mach  range. 

The  modification  of  the  airfoil  section  (Figures  98  and  100)  had  practically 
no  effect  on  transition  at  H  »  3.0. 

The  effect  of  sweep  is  shown  in  Figures  102  to  104,  where  Rj  is 
plotted  versus  A  for  the  three  cases  of  Figures  98  to  100  at  two  values  of  the 
unit  Reynolds  number,  R^^^  »  0.3  and  0.6  x  10^.  Included  for  coiiq>arison  are  the 

(Rt). 

results  of  Reference  114  where  ^  was  plotted  versus  A  for  a  swept  plate  with 

iRt) 

^  A-O 

a  leading  edge  thickness  of  b  »  0.005  inch.  The  values  of  Rx  for  zero  sweep  were 

selected  so  that  the  curves  from  Reference  114  matched  the  present  test  results 
obtained  with  probe  number  1.  The  variation  of  Rx  with  sweep  angle  of  the  pres* 
ent  test  program  agrees  rather  well  «rith  the  measurements  of  Reference  114. 

The  exact  values  of  the  leading  edge  thicknesses  of  the  present 
models  were  checked  by  ARO  personnel  and  the  following  values  were  obtained: 


Near  Probe 

Biconvex  Model 

Modified  Section 

1 

0.0060 

0.0065 

2 

0.0070 

0.0070 

3 

0.0080 

0.0075-0.0080 

The  spanwise  variation  of  Rx  measured  in  the  present  test  program 

can  be  explained  by  this  spanwise  increase  in  leading  edge  thickness,  b.  The 
increase  of  b  has  two  consequences:  (1)  (Rt^abO  increases  with  sweep  (e.g.. 

References  114  116),  although  it  might  be  negligible  at  Rj,  ■>  bR^  ~  3000  and 

the  rather  large  bevel  angles  (Figure  24,  Page  66  of  Reference  116);  (2)  the 
tRT)A 

ratio  7— -r - decreases  with  increasing  b,  as  shown  in  Reference  114.  According 

to  this  reference,  Rx  is  reduced  at  M  ■  3.0  by  about  5  percent  at  A  *  24°,  by 

24  percent  at  A  ■  36°  and  by  33  percent  at  A  *  50°,  when  the  leading  edge  thick¬ 
ness  is  increased  from  the  value  0.005  to  0.007  inch.  The  present  test  points 
of  Figures  102  to  104  agree  with  these  reductions  fairly  trail. 
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(E) 


(continued) 


The  present  tests  seen  to  prove  that  boundary  layer  transition  on 
a  swept  wing  with  supersonic  leading  edge  is  primarily  determined  by  the  bluntness 
of  the  leading  edge.  The  crossflow  i^ich  develops  at  the  rounded  nose  has  a 
stronger  influence  on  transition  than  the  crossflow  resulting  from  the  pressure 
distribution  over  the  airfoil  section. 

This  fact  seems  to  be  in  agreement  with  the  results  of  theoretical 
laminar  boundary  layer  calculations  which  were  conducted  at  M  »  3.0,  s  24,  36 
and  50°  for  wings  with  infinitely  sharp  leading  edges.  The  basic  results  of  the 
calculation,  the  crossflow  Reynolds  number  and  the  streamwise  momentum  thick¬ 
ness  Reynolds  number  Rq,  both  divided  by  /R^  where  c  is  the  reference  chord  length 

in  flow  direction,  are  plotted  in  Figure  105  for  the  three  sweep  angles.  Intro¬ 
ducing  the  chord  length  of  the  present  tests 


c  « 


(in.) 


results  in  crossflow  and  momentum  thickness  Reynolds  numbers  which  are  plotted 
versus  unit  Reynolds  number  R^^^  per  inch  in  Figures  106  to  108  for  the  three 

sweep  angles.  The  test  results  from  probe  1  (Figure  98)  are  included,  too.  It 
follows  from  these  curves  that  the  experimental  transition  locations  occurred  at 
the  following  values  of  Rq^^  and  R^: 


The  first  values  of  Ro.iandRg  occur  at  low  unit  Reynolds  numbers  ~  0.3  x  10^), 

the  second  values  at  R^^^  —  0.8  x  10^.  The  values  of  Rq^^  and  Rg  for  A  "  24° 

might  be  high  enough  to  cause  transition;  at  A  *  36°  and  A  *  50°  the  additional 
crossflow  contribution  from  the  blunt  leading  edge  seems  to  be  necessary  to  cause 
transition. 


Boundary  layer  transition  measurements  on  swept  wings  at  supersonic 
speeds  provided  the  following  results: 

(1)  The  transition  Reynolds  number  Rj>  •  XjR1^\  where  Xj  and 
R^^^  are  determined  in  freestream  direction,  is  reduced  with  increasing  sweep 

angle.  The  amount  of  the  reduction  depends  primarily  on  the  bluntness  of  the 
leading  edge.  The  effect  of  the  airfoil  section  is  of  secondary  order. 


(2)  The  transition  Reynolds  number  increases  with  unit  Reynolds 
number;  the  amount  of  the  increase  becomes  smaller  td.th  increasing  sweep  angle. 
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(F)  Conclusions  (continued) 


(3)  The  variation  of  Rj  with  Mach  nunber  is  small. 

(4)  Theoretical  boundary  layer  calculations  on  models  with 
infinitely  sharp  leading  edges  provide  crossflow  Reynolds  numbers  and  momentum 
thickness  Reynolds  nmabers  at  the  measured  transition  stations  which  seem  to  be 
too  small  for  causing  transition.  This  confirms  the  predominance  of  the  leading 
edge  thickness  on  transition. 


CHAPTER  D.  INVESTIGATION  OF  LAMINAR  FLOW  CONTROL  AIRFOILS  SWEPT  BEHIND  THE 
MACH  ANGLE 

a.  LOW  DRAG  BOUNDARY  LAYER  SUCTION  EXPERIMENTS  ON  A  72°  SWEPT  WING 
MODEL  AT  MACH  NUMBER  2.0  AND  2.25 

J.  Goldsmith 


(A)  Summary 

An  investigation  was  made  to  determine  the  effectiveness  of 
combining  the  advantages  of  laminar  suction  with  sweepback  in  excess  of  the 
Mach  angle  for  the  purpose  of  obtaining  low  drags  on  supersonic  airfoils. 

This  initial  investigation  was  limited  to  that  portion  of  a  wing  over  which 
the  flow  could  be  considered  two-dimensional  in  nature,  i.e,,  the  region  where 
the  flow  field  was  similar  to  that  of  an  infinite  swept  airfoil.  Calculation 
of  the  drags  for  such  an  airfoil  indicated  encouragingly  low  drags  and  a  wind 
tunnel  model  simulating  a  long  swept  airfoil  was  designed  for  Mach  2.0  and 
tested  at  Mach  2.0  and  2.25  in  order  to  confirm  the  results  of  the  calculations. 
Although  the  measured  total  drags  were  somewhat  higher  than  the  calculated 
values,  they  were  respectably  low  (Cq^  <  1.4  x  10"^  at  C-^  e:  0.068)  for  upper 
wing  surface  only,  and  it  is  clear  tliat  laminar  flow  is  possible  for  super¬ 
sonic  wings  swept  behind  the  Mach  cone.  The  approximate  lift  coefficient  of 
0.068  was  determined  from  measured  pressures  on  the  upper  surface  and  an  esti¬ 
mated  lower  surface  pressure  distribution.  Its  value  was  less  than  predicted, 
but  there  is  no  indication  that  it  could  not  be  increased  to  a  C^  =  0.09  or 
better  by  increasing  the  angle  of  attack  or  design  camber  of  the  airfoil. 
Calculations  indicated  that  the  airfoil  would  be  supercritical  (supersonic 
velocity  component  perpendicular  to  the  leading  edge)  at  Mach  2.25,  but  because 
the  lift  coefficient  was  lower  than  predicted  the  measured  flow  was  everywhere 
subcritical  at  this  higher  Mach  Number,  and  the  measured  total  drag  coefficients 
(Cd^  <  1.6  X  10”^)  indicated  laminar  flow. 

CB)  Notation 


a  velocity  of  sound 

c  wing  chord  measured  parallel  to  flow  direction  (c  =  33  in.) 

c'  wing  chord  measured  perpendicular  to  leading  edge 

(c'  =  10  in.) 

d  suction  metering  hole  diameter 

Cjj  drag  coefficient 

Cjj  equivalent  suction  drag  coefficient 

s 

total  drag  coefficient 

Cjj  wake  drag  coefficient 

w 

lift  coefficient 

C'  lift  coefficient  based  on  flow  perpendicular  to  leading  edge 


I 

I 

I 

I 


I  m 

I 


H 


Cy  suction  mass  flow  coefficient 

e  exponent  for  use  In  wake  drag  correction  (defined  in  Part  M) 

It  /Rc 

Pts  Qto 

f  suction  velocity  at  airfoil  surface  for  (equivalent)  con> 

tlnuous  suction 

F|^  chordwlse  momentum  thickness  factor  (defined  In  Part  M) 

F2  spanwlse  momentum  thickness  factor  (defined  in  Part  M) 

boundary  layer  shape  factor  for  the  u  component  profile 
Hy  =  ^u/^UU 

limit  constant  for  empirical  wake  crossflow  correction 

k.Q  constant  for  empirical  wake  correction  that  determines  slope 

at  6*  /K.  =  0 
SS  s 

k.g  factor  to  make  wake  correction  Independant  of  (V/U)^g 

M  Mach  number 

n  boundary  layer  velocity  component  perpendicular  to  potential 

flow  direction 

"max  maximum  boundary  layer  crossflow  velocity 

P  pressure 

AP  pressure  decrement  with  respect  to  P,^  (^P  “Pro  “ 

q  resultant  boundary  layer  velocity 

qco  dynamic  pressure  at  infinity  (q^  =  p^Q^/2) 

Q  resultant  potential  flox>?  velocity 

Rg  airfoil  Reynolds  number  (R^  =  c/^) 

Rq.i  crossflow  Reynolds  number  (Rq^^  =  n,^  *0,l/'^l) 

s  boundary  layer  velocity  component  In  streatnwlse  direction 

(parallel  to  Q) 

s'  perpendicular  distance  along  airfoil  surface  from  airfoil 

leading  edge 

u  boundary  layer  velocity  component  perpendicular  to  leading  edge 

AU  velocity  Increment  relative  to  freestream  velocity  (AU  =  U  -  U^,) 


J 


% 


J 


'i 


i 


i 


I 


i 


i 


-488- 


V 


potential  flow  velocity  component  parallel  to  leading 
edge  (V  =  V™) 

boundary  layer  velocity  component  parallel  to  leading  edge 
slot  width 

chordwlse  distance  in  streamwlse  direction 
chordwise  distance  perpendicular  to  leading  edge 
spanwlse  coordinate  perpendicular  to  streamwlse  direction 
spanwise  coordinate  parallel  to  leading  edge 

distance  perpendicular  to  airfoil  surface  or  vertical  coordinate 

boundary  layer  height  to  point  where  n  =  0*1  n,^^^  (largest 
distance) 

angle  of  attack 

angle  of  attack  for  flow  component  perpendicular  to  the 
leading  edge 


meeting  hole  spacing 

CC 

-  f  P  ^ 

■  A  Pi  Q 


Pi  Q 

P 

ds 

T7q2 

P  n  s 

dz 

Pi  q2 

=  ^3S  ^ 

4^ 


'i  ^ 


sweep  angle  =  cos"^  0,3  ^  72.5®) 
density 

kinematic  viscosity 


Subscripts 


a  corresponding  stagnation  condition  for  isentroplc  compression 

c  corrected  for  crossflow  In  wake 

1  Incompressible 

n  based  on  n  component  of  velocity 

r  based  on  resultant  local  velocity 

s  based  on  s  con^onent  of  velocity 

u  uncorrected  for  crossflow  In  wake  or  based  on  u-component 

of  velocity 

V  based  on  v  component  of  velocity 

°°  freestream  conditions  at  Infinity 

1  outer  edge  of  the  boundary  layer 

te  trailing  edge  of  airfoil 

w  at  wall  or  airfoil  surface 

(C)  Introduction 

Although  the  application  of  laminar  flow  control  (or, 
briefly,  LFC)  at  supersonic  speeds  Is  still  In  Its  Infancy,  sufficient  work  has 
been  done  to  show  that  significant  reductions  In  skin  friction  are  clearly  possl> 
ble.  It  Is  well  known,  however,  that  the  proportion  of  friction  drag  to  total 
drag  Is  generally  lower  at  supersonic  velocity  than  at  subsonic  velocity.  The 
overall  drag  Improvement  obtained  by  reduction  of  skin  friction  as  a  single 
Improvement  Is  necessarily  lower,  therefore.  In  supersonic  flows.  There  Is  an 
associate  advantage,  however,  which  makes  the  application  of  suction  particularly 
attractive  at  supersonic  speeds;  namely,  the  wing  area  can  be  Increased  by  a 
considerable  factor  without  appreciably  Increasing  the  zero  lift  drag  of  the 
complete  airplane.  This  can  result  In  a  lower  wing  loading,  greater  wing  span, 
or  an  airfoil  with  lower  percent  thickness  (for  a  given  span)  or  a  combination 
of  all  three.  In  such  cases  the  Increase  In  wing  area  can  result  In  reduced  wave 
drag  due  to  lift  or  thickness. 

If  sweep  In  excess  of  the  Mach  angle  Is  Incorporated  In  the 
design  of  a  supersonic  wing,  the  zero  lift  vave  drag  c£  be  completely  eliminated 
along  the  portion  of  the  span  where  the  flow  may  be  considered  of  a  two-dimensional 
nature.  The  advantages  of  sweep  as  a  single  element  for  drag  reduction  roust  be 
viewed  with  caution,  however,  since  the  aspect  ratio  Is  necessarily  low  for  highly 
swept  wings,  and  the  reduced  wave  drag  may  be  offset  by  i nc n  asos  in  inniu-,Hi  d.  iu- 
unless  the  wing  loading  Is  correspondingly  reduced.  Stated  In  another  way,  the 
span  must  remain  essentially  constant  for  constant  induced  drag  so  that  the 
lower  aspect  ratio  associated  with  high  sweep  angles  leads  to  a  larger  wing  area 
If  the  Induced  drag  Is  to  remain  the  same.  This  i >qulred  Increase  In  wetted  area 
makes  the  application  of  laminar  flow  control  especially  profitable  for  highly 
swept  wings. 


(C)  Introduction  (continued) 


The  drag  reductions  due  to  sweep  also  depend  on  the  thrust 
due  to  so-called  '‘leading  edge  suction."  In  practice,  it  is  not  always  easy  to 
achieve  this  leading  edge  suction  on  highly  swept  wings,  primarily  because  of 
separation  near  the  leading  edge.  The  application  of  laminar  flow  control  to 
highly  swept  wings  requires  heavy  suction  in  the  leading  edge  region.  This  suc¬ 
tion,  combined  with  a  typical  laminar  flow  pressure  distribution,  might 
reasonably  be  expected  to  prevent  any  tendency  toward  leading  edge  separation. 


The  combination  of  high  sweep  angles  and  LFC,  therefore, 
is  expected  to  be  doubly  potent  as  a  means  of  reducing  the  drag  at  supersonic 
speeds.  In  addition,  the  conversion  of  energy  to  shock  waves  is  theoretically 
reduced  so  that  this  design  combination  could  very  well  be  a  partial  solution  to 
the  very  important  problem  of  sonic  boom. 


This  report  describes  an  investigation  of  laminar  flow  control 
for  airfoils  swept  behind  the  Mach  cone.  This  initial  investigation  was 
concerned  primarily  with  the  basic  characteristics  of  infinite  swept  airfoils 
which  have  all  isobars  parallel  to  the  leading  and  trailing  edges  of  the  airfoil. 
The  infinite  swept  wing  bears  the  same  relation  to  an  actual  finite  swept  wing 
as  the  two-dimensional  airfoil  does  to  a  finite  straight  wing.  It  represents 
z  limiting  condition  which  the  performance  of  the  finite  wing  may  approach  but 
never  quite  reaches  due  to  root  and  tip  effects.  The  finite  wing  and  associated 
three-dimensional  effects  are  to  be  covered  in  a  future  investigation,  but  in  the 
present  program  it  V7as  desired  to  avoid  the  three-dimensional  difficulties  that 
occur  at  the  ends  of  a  swept  wing  panel  and  to  concentrate  on  determining  the 
basic  characteristics  of  an  infinite  laminar  suction  airfoil  swept  in  excess  of 
the  Mach  angle. 


The  investigation  began  with  a  brief  study  of  the  require¬ 
ments  of  the  suction  airfoil  swept  behind  the  Mach  cone.  This  study  was  primarily 
for  the  purpose  of  determining  the  probable  desired  sweep  angles,  lift,  coefficients, 
and  other  airfoil  characteristics.  Since  the  airfoil  requirements  were  unusual, 
a  special  airfoil  shape  was  developed  for  use  on  highly  swept  wings.  The  drag 
was  then  estimated  for  such  an  airfoil,  assuming  continuous  laminar  suction  was 
applied,  and  the  results  were  found  to  compare  favorably  to  those  of  a  straight 
biconvex  suction  airfoil  when  allowance  was  made  for  the  fact  that  the  swept  air¬ 
foil  had  no  wave  drag.  Finally,  a  wind  tunnel  model  was  designed,  built  and 
tested  to  verify  the  possibility  of  obtaining  low  drags.  The  Infinite  two- 
dimensional  flow  characteristics  of  the  airfoil  model  were  simulated  by  mounting 
a  finite  length  wing  on  a  plate  which  was  contoured  in  such  a  manner  that  its 
pressure  field  duplicated  the  pressure  field  generated  by  a  forward  extension 
of  the  airfoil  section.  Additional  description  of  the  model  is  given  in  the 
succeeding  sections. 

(D)  Sweep  Characteristics  -  Requirements  for  Shockless  Flow 

For  finite  span  airfoils  which  have  sufficient  sweep  so  that 
none  of  the  flow  components  exceed  sonic  velocity  in  the  plane  perpendicular  to 
the  Isobars,  it  is  possible  to  derive  certain  relations  which  are  nearly  exact. 

These  relations  are  subject  only  to  the  degree  of  approximation  encountered  in 
the  derivation  of  the  well-known  supersonic  flow  equations  or  in  tables  such  as 
given  in  reference  117.  The  relations  for  infinite  swept  wings  are  quite  simple 
because  the  component  of  velocity  along  the  span  is  constant,  and  velocity  and 
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(D)  Sweep  Characteristics  -  Requirements  for  Sbockless  Flow 
(continued) 

pressure  changes  occur  only  in  the  chordwise  direction.  In  addition,  if  the 
chordwise  component  of  velocity  remains  subsonic,  shocks  will  not  form  even 
though  the  resultant  of  the  spanwise  and  chordwise  components  is  supersonic. 

The  charts  in  Figures  1D9^  110,  and  111  show  the  limits  for  shockless  flow  for 
infinite  span  swept  wings  at  various  frsestream  Mach  numbers.  The  points  in  these 
figures  represent  the  condition  where  the  chordwise  component  of  velocity  is 
exactly  equal  to  the  local  velocity  of  sound.  The  distinction  between  the  Mach 
number  of  the  airstream  at  infinity  (Mo,)  and  the  local  resultant  Mach  number 
(Mj.)  should  be  carefully  noted.  The  results  are  plotted  with  M  as  the  independent 
variable  since  this  is  the  parameter  from  which  the  remaining  variables  are 
most  easily  determined.  The  subscript  ''a'*  refers  to  adiabatic  (also  isentropic) 
stagnation  conditions. 

Two  things,  in  particular,  should  be  noted  from  inspection 
of  these  charts.  The  first  is  that  there  are  limiting  values  for  local  Mach 
number  (M^.)  and  pressure  decrement  ratio  (AP/P^)  for  shockless  flow  at  each 
freestream  Mach  number.  This  limit,  of  course,  corresponds  to  the  case  of  ninety 
degrees  of  sweep.  The  second  is  that  the  slope  of  the  pressure  decrement  ratio 
curves  is  less  for  high  Mach  numbers  than  for  low  Mach  numbers;  consequently, 
at  higher  Mach  numbers  a  greater  increment  in  sweep  angle  (in  excess  of  the 
Mach  angle)  is  required  to  compensate  for  a  fixed  Increment  in  pressure  due  to 
airfoil  thickniiss  or  lift  changes.  The  lift  of  the  airfoil  is  limited,  there¬ 
fore,  if  full  advantage  of  the  sweep  effects  is  to  be  taken.  It  is  because  of 
this  limitation  that  the  wing  loadings  for  airplanes  employing  highly  swept  wings 
will  necessarily  be  low.  This  of  course,  makes  LFC  especially  advantageous. 

It  is  recognized  that  it  may  be  more  economical  sometimes  to 
permit  slightly  supersonic  chordwise  components  of  velocity  at  the  higher  speeds, 
but  the  calculation  of  the  limitations  becomes  considerably  more  complicated 
under  these  circumstances.  Also,  LFC  has  a  better  chance  of  working  in  a 
shockless  airstream.  The  design  procedure,  therefore,  was  to  use  the  calculated 
critical  velocity  as  given  in  the  figures  as  the  design  criterion. 

(E)  Compressibility  Corrections 

The  design  of  an  airfoil  shape  for  highly  swept  wings  and  the 
calculation  of  the  airstream  boundaries  which  simulate  an  infinite  extension 
of  a  finite  length  wing  depend  upon  the  calculation  of  a  two-dimensional  potential 
flow  field  about  the  airfoil  section  taken  in  the  chordwise  direction  (perpendicu¬ 
lar  to  the  isobars  on  the  swept  airfoil).  These  calculations  are  easily  performed 
with  the  aid  of  currently  available  automatic  computer  programs  for  the  case  of 
incompressible  flow  (Reference  118) .  The  component  of  freestream  velocity  perpen¬ 
dicular  to  the  isobars  for  wings  swept  past  the  Mach  cone  would  be  expected  to 
correspond  to  a  two-dimensional  Mach  number  (M^^^)  in  the  category  of  0.5  to  0,8. 
Such  values  exceed  the  range  in  which  the  flow  may  be  considered  incom.pressible, 
and  an  appropriate  compressibility  correction  must  be  chosen  from  the  various 
theoretical  or  empirical  corrections  available.  The  constant  spanwise  component 
of  velocity  can  be  completely  ignored  in  this  correction,  so  that  the  correction 
proceeds  on  the  basis  of  the  velocities  and  Mach  numbers  as  observed  in  the 
plane  that  is  perpendicular  to  the  leading  and  trailing  edges  of  the  wing. 


(E)  Compressibility  Corrections  (continued) 


Some  of  the  well-known  compressibility  corrections  at  =0,6 
are  shown  in  Figure  1^  together  with  a  modified  Gothert  correction  which  will 
be  described  shortly.  It  is  seen  that  the  variation  of  the  AU/Uoo  for  the 
various  methods  becomes  considerable  as  the  compressible  velocity  approaches 
the  velocity  of  sound.  The  correction  at  this  point  is  used  to  determine  the 
maximum  permissible  incompressible  velocity  ratio  (U/Uoo)  that  is  permitted  in 
the  airfoil  design.  Since  it  is  very  desirable  to  have  subcrltlcal  flow  (two- 
dimensional  component)  on  a  laminar  flow  wing,  the  Sprelter  and  Alksne  correction 
(reference  119)  was  employed  to  determine  the  maximum  incompressible  velocity 
ratio  for  the  subject  airfoil. 


For  the  calculation  of  the  outer  field  near  the  airfoil,  how¬ 
ever,  other  factors  come  into  play,  so  that  it  is  not  convenient  to  use  the 
Sprelter  and  Alksne  correction  for  this  purpose.  The  chosen  compressibility 
correction  must  meet  certain  requirements  if  it  is  to  be  incorporated  in  the 
currently  available  computer  programs  for  calculation  of  the  flow  field  past 
an  airfoil: 


(1)  The  accuracy  of  the  velocity  correction  must  be  acceptable 
throughout  the  complete  velocity  range  from  aero  to  nearly  sonic  velocity 
(corrected  value), 

(2)  There  must  be  a  unique  solution  of  the  correction  corresponding 
to  any  incompressible  velocity  --  even  those  that  correspond  to  supersonic  com¬ 
pressible  velocities, 

(3)  The  correction  must  account  for  changes  in  velocity  and 
streamline  pattern  in  the  outer  field  as  well  as  local  velocity  on  the  airfoil 
surface. 


The  compressibility  correction  of  Sprelter  and  Alksne  (Reference  119) 
has  three  drawbacks  which  eliminate  it  as  the  proper  choice  for  this  program: 

(1)  the  correction  becomes  indeterminant  for  certain  values  of 
AUj^/Uto  due  to  an  infinite  slope  for  the  correction  curve, 

(2)  the  correction  does  not  account  for  the  change  of  slope 
of  the  streamlines;  and 

(3)  zero  Incompressible  velocity  does  not  give  zero  compressible 
velocity  (although  Sprelter’s  correction  is  closer  than  others  in  this  respect). 

The  well-known  Karman-Tsien  correction  eliminates  the  first  objection  given  above, 
but  the  other  two  objections  are  still  present.  The  Gothert  compressibility  cor¬ 
rection  (Reference  120)  accounts  for  the  changes  in  slope  of  the  streamlines, 
but  otherwise  is  nothing  more  than  an  extension  of  the  very  simple  linear  correc¬ 
tion  of  Prandtl,  The  changes  in  slope  of  the  streamlines  is  made  consistent 
with  the  velocity  and  lift  changes  by  first  transforming  the  airfoil  to  a  new 
airfoil  with  vertical  coordinates  and  angle  of  attack  multiplied  by  the  factor 
A  -  The  streamlines  and  velocities  are  determined  for  this  thinner  air¬ 

foil,  and  the  resulting  flow  field  is  then  transformed  back  to  the  original 
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(E)  Compressibility  Corrections  (continued) 


airfoil  configuration.  In  this  second  transformation  the  velocity  increments 
as  determined  for  the  thin  airfoil  are  increased  by  the  factor  1/(1  -  )  or 

1/V  1  “  M^Uoo  than  the  straight  Prandtl  correction.  This  accounts  for  the 

use  of  the  factor  y/l  -  in  the  abscissa  when  the  Gothert  correction  is 

compared  with  other  methods. 

In  order  to  reet  the  three  correction  requirements  cited  pre¬ 
viously  the  Gothert  correction  was  chosen  as  a  basic  correction  and  an  adjust¬ 
ment  function  was  added  to  the  correction  resulting  in  a  modified  Gothert 
correction.  The  choice  of  the  Gothert  correction  came  about  chiefly  because 
it  accounts  for  streamline  slopes  as  well  as  velocities.  The  adjustment 
function  is  shown  in  Figure  113.  It  is  a  parabolic  function  with  1  -  M^uoo^ 

assigned  as  the  proportionality  constant  so  that  the  total  modified  correction 
passes  through  -1.0,  -1.0  (Figure  113);  i.e.,  so  that  zero  incompressible 
velocity  results  in  zero  compressible  velocity.  This  adjustment  results  in 
improved  accuracy  near  the  stagnation  points  and  avoids  the  occurrence  of 
negative  velocities  which  would  cause  difficulty  in  the  computer  programs. 

The  adjustment  is  negligible  when  AO/Ui  =  0  and  this  is  clearly  desirable  since 
the  u"  •  fied  correction  is  accurate  for  small  Increments.  In  the  region  of 
large  ...tive  values  of  AU/U^  the  modified  Gothert  correction  is  more  accurate 
than  the  unmodified  version  since  it  tends  to  give  results  more  closely  in 
agreement  with  the  more  accurate  Spreiter-Alksne  or  Karman-Tsien  corrections. 
Comparison  is  shown  with  the  former  of  these. 


(F) 


Airfoil  Characteristics 


It  is  well  known  that  the  characteristics  of  a  swept  airfoil 
are  such  that  the  airfoil  responds  to  the  component  of  velocity  that  is 
perpendicular  to  the  leading  and  trailing  edges  of  the  airfoil.  Also,  the 
cross  sectional  shape  of  the  airfoil  taken  in  the  corresponding  perpendicular 
plane  is  the  shape  that  is  significant.  The  design  of  the  airfoil  shape  may  be 
treated,  therefore,  as  though  the  flow  field  were  two-dimensional,  having  a 
freestream  velocity  equal  to  Uoo.  Due  to  the  high  sweep  angles  needed  at  super¬ 
sonic  velocity,  however,  the  airfoil  requirements  are  found  to  be  unusual  when 
compared  to  an  unswept  airfoil.  In  addition,  the  application  of  laminar  flow 
control  results  in  added  restrictions  and  since  the  well-known  conventional  air¬ 
foil  shapes  do  not  meet  these  requirements  or  restrictions,  an  airfoil  shape  was 
developed  to  satisfy  the  special  requirements  of  the  highly  swept  LFC  airfoil. 


The  development  of  this  special  airfoil  shape  was  done  by  trial 
and  error,  utilizing  the  calculation  procedure  described  in  Reference  118. 

This  calculation  is  a  modified  version  of  Theodorsen's  airfoil  calculation  given 
in  Reference  80.  The  resulting  airfoil  shape  and  its  incompressible  velocity 
distributions  at  various  incompressible  lift  coefficients  are  shown  in  Figure  114. 
The  angle  between  the  airfoil  surfaces  at  the  trailing  edge  is  seen  to  be 
relatively  large.  This  feature  provided  adequate  internal  volume  in  this  region 
at  full-scale  dimensions  so  that  suction  ducts  could  be  installed.  The  second 
special  feature  is  that  concave  curvature  was  eliminated  except  for  a  small 
region  on  the  airfoil  undersurface  near  the  trailing  edge.  This  feature  is 
helpful  in  stabilizing  the  laminar  boundary  layer.  The  airfoil  section  is  10% 
thick  in  the  two-dimensional  plane.  This  is  relatively  thick  for  a  high  speed 
airfoil,  but  has  the  advantage  of  adequate  internal  volume  for  suction  ducts. 

Added  thickness  also  results  in  an  increased  range  of  lift  coefficients  for  which 
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(F)  Airfoil  Characteristics  (continued) 


there  are  no  undesirable  peak  velocities  at  the  nose  of  the  airfoil.  For  the  velo¬ 
city  distributions  shown  in  the  figure,  the  incompressible  two-dimensional  lift 
coefficients  vary  from  0.52  to  0.88  based  on  flow  components  perpendicular  to  the 
airfoil  leading  and  trailing  edges.  The  corresponding  two-dimensional  compressible 
lift  coefficients  and  three-dimensional  swept  airfoil  lift  coefficients  (Mach  2.0 
and  72.5°  sweep)  are  given  in  Table  V.  Tliis  table  gives  several  values,  depending 
upon  the  compressibility  correction  that  is  adopted.  The  range  of  lift  coefficients 
is  seen  to  be  equal  to  the  mean  lift  coefficient  +28%.  This  should  allow  for  an 
adequate  range  of  flight  conditions  for  which  no  large  peak  velocities  occur.  The 
peak  at  the  nose  of  the  undersurface  at  =  0.52  in  Figure  114  is  expected  to  be 
about  the  maximum  for  which  laminar  flow  can  be  maintained  with  reasonable  suction. 

It  should  also  be  noted  that  the  flat  top  velocity  distribution 
extends  well  aft  so  that  a  large  lift  coefficient  can  be  attained  without  exceeding 
the  critical  velocity  on  the  upper  surface  at  the  maximum  angle  of  attack.  The 
critical  value  of  U/Uco  may  be  determined  from  Figure  109  by  dividing  a/a^  at  Mj.  by 
Uoo/ag,  at  the  same  Mj-.  For  the  design  point  of  Moo  =  2.0  and  0  =  72.5°  the  critical 
velocity  ratio  is  1.575.  The  incompressible  equivalent  of  this  value  is  a  function 
of  the  compressibility  correction  at  My^  -  0,6  (see  Figure  112),  but  as  mentioned 
in  the  previous  section,  compressibility  corrections  are  notoriously  poor  at  the 
critical  velocity  and  an  incompressible  equivalent  of  the  critical  velocity  equal 
to  1.35  was  adopted  for  the  test  point.  This  value  corresponds  approximately  to 
the  correction  given  by  Spreiter  and  Alksne  in  Reference  119  with  allowance  for  a 
slight  margin  of  error.  Its  value  was  chosen  to  determine  the  critical  velocity, 
not  necessarily  because  it  was  thought  to  be  most  accurate,  but  rather  because  it 
was  largest  and,  therefore,  safest  to  use.  On  the  other  hand,  the  Karman-Tsien 
correction  was  employed  to  estimate  the  compressible  velocity  distribution  for 
the  boundary  layer  calculations.  This  correction  represents  a  good  average  of  the 
available  correction  schemes  and  was  felt,  therefore,  to  give  a  reasonably  reliable 
correction  for  the  velocities. 

(G)  Calculation  of  the  Boundary  Layer  Development  and  Suction 

Requirements 

Tlie  development  of  the  boundary  layer  was  calculated  for  the 
upper  surface  of  the  airfoil  described  in  the  previous  section  for  several 
continuous  suction  distributions  at  an  angle  of  attack  of  0.15  degrees.  The 
Mach  number  based  on  the  perpendicular  component  of  velocity  (M^^)  was  assumed 
to  be  0.6  for  the  calculations.  The  corresponding  sv;eep  angles  are  approximately 
72.5°  at  Men  =  2.0  and  78.25°  at  Mco  =  3.0.  Tlie  results  were  used  to  estimate  drag 
coefficients  and  the  corresponding  limiting  Reynolds  numbers.  These  calculations 
employed  an  IBM  7090  program  which  is  based  on  a  computation  procedure  originally 
developed  by  Raetz  (Reference  45).  The  suction  distributions  were  determined  by 
trial  and  error  and  were  adjusted  so  that  the  crossflow  Reynolds  number  Rq.i  did 
not  exceed  about  120  over  the  forward  70  percent  of  the  airfoil,  nor  300  to  400  in 
the  last  30  percent  of  the  airfoil  except  that  rapid  growth  to  higher  values  was 
permitted  at  the  trailing  edge.  ITiese  limiting  conditions  were  based  on  the 
results  of  subsonic  experiments  on  swept  suction  wings  as  described  in  Reference  9. 
The  resulting  suction  distributions  were  typical  of  swept  wings  with  subsonic 
type  pressure  distributions  requiring  high  suction  near  the  leading  and  trailing 
edges  of  the  airfoil,  where  the  crossflow  pressure  gradients  are  large,  and  low 
auction  in  the  midchord  region,  where  the  pressure  is  nearly  constant.  The 
results  of  some  of  these  calculations  are  shown  in  Figures  115  to  118  and  Table  VI. 
The  calculated  suction  requirements  were  rather  high  compared  to  straight  or 
slightly  swept  airfoils.  The  reason,  of  course,  is  due  to  the  high  sweep  angle. 
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(G)  Calculation  of  the  Boundary  Layer  Development  and  Suction 
Requirements  (continued) 

In  addition,  it  was  estimated  that  because  of  increased  skin  friction  about  I 

20  percent  increase  in  suction  would  be  required  when  suction  through  finite 
slots  was  substituted  for  continuous  suction.  On  the  other  hand,  the  calculated 
wake  drags  are  relatively  small,  and  the  theoretical  wave  drag  is  zero  for  the 
two-dimensional  swept  airfoil.  The  low  values  of  these  latter  items  should 
help  to  compensate  for  the  Increased  equivalent  suction  drag.  Despite  the 
high  suction  drag,  there  is  no  question  that  the  calculated  drags  were  considerably  j 

less  than  those  of  a  turbulent  airfoil  so  that  it  was  desired  to  obtain 
experimental  verification  of  the  results  of  the  calculations.  The  experimental 
verification  was  done  at  the  lower  Mach  ntnnber  (2.0)  because  this  choice 
resulted  in  a  simpler  model  and  the  chances  for  success  for  these  first  experi¬ 
ments  were  greater.  The  principles  involved  could  be  proved  equally  as  well 
at  Mach  2.0  as  at  Mach  3.0.  I 

(H)  Outer  Field  Flow 


In  order  to  obtain  basic  experimental  data  on  infinite  swept 
LFC  airfoils,  a  method  of  simulating  such  an  airfoil  had  to  be  worked  out. 

Because  the  chord  Reynolds  number  was  important,  and  also  because  reasonably  4 

large  chords  were  necessary  in  order  to  install  the  suction  system,  the  minimum 

chord  of  the  model  was  limited.  Since  the  size  of  wind  tunnels  was  limited, 

it  was  Impossible  to  test  even  finite  airfoils  with  spans  that  were  large 

compared  to  this  minimum  chord.  For  this  reason  the  infinite  extension  of  the 

span  had  to  be  simulated.  One  way  of  doing  this  was  to  mount  the  airfoil  on  a 

surface  with  contours  that  follow  the  same  paths  as  the  streaunlines  past  an  4 

infinite  swept  wing.  In  this  way  the  surface  generated  pressure  waves  identical 

to  those  that  would  be  generated  by  the  missing  portions  of  the  airfoil.  It 

might  be  noted  that  a  similar  contouring  of  a  fuselage  at  the  wing  root  would 

extend  the  region  of  parallel  isobars  in  the  wing  to  the  fuselage  wall. 

The  coordinates  of  the  contoured  plate  were  calculated  by  4 

adding  the  component  of  freestream  velocity  parallel  to  the  leading  edge  to  the 
velocities  for  a  two-dimensional  airfoil.  This  produced  the  spanwlse  slopes 
for  the  swept  airfoil  streamlines,  and  integration  of  these  slopes  produced 
the  desired  streamline  paths. 

The  two-dimensional  outer  field  was  calculated  for  the  airfoil  < 

described  earlier  at  the  mean  test  angle  of  attack,  and  resulting  streamlines 
are  shown  in  Figure  119.  This  flow  field  was  machine-calculated  by  a  program 
which  extends  the  theory  of  airfoils  to  the  outer  field  (Reference  118). 

Compressible  effects  were  taken  into  account  by  calculating  the  streamlines 

and  velocities  for  a  thinner  airfoil  at  a  reduced  angle  of  attack  as  is  the 

practice  for  applying  the  Gothert  compressibility  correction.  Then,  the  resulting  < 

flow  pattern  was  transformed  to  the  desired  airfoil  dimension  and  the  modified 

Gothert  correction  (Figure  113)  was  applied  to  the  velocity  increments.  When 

the  spanwise  component  of  the  freestream  resultant  velocity  was  added  vectorially, 

the  three  dimensional  streamlines  followed  a  crossflow  pattern  which  depended  only 

on  the  sweep  and  the  two-dimensional  field.  The  paths  for  several  of  these 

calculated  streamlines  is  shown  in  Figure  120.  The  failure  of  the  upper  and  < 

lower  streamlines  to  meet  at  the  trailing  edge  in  this  figure  is  due  to  the 

circulation,  which  corresponds  to  the  lift  of  the  airfoil.  In  addition,  air 
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(H)  Oi’ter  Field  Flow  (continued) 


passing  near  an  airfoil  tends  to  dwell  near  the  stagnation  regions.  This 
occurrence,  combined  with  the  fact  that  the  path  is  longer  for  the  surface 
streamlines,  results  in  greater  spanwise  flow  for  the  surface  streamlines. 

This  latter  point  is  brought  out  more  vividly  in  Figure  121,  where  a  portion  of 
the  required  wall  contours  as  viewed  in  the  downstream  direction  is  shown 
for  the  region  near  the  leading  edge  of  the  airfoil.  It  is  seen  that  only 
the  streamlines  passing  very  near  the  airfoil  are  subject  to  the  excessive 
dwell  that  results  in  extra  spanwise  shift. 

Wall  contouring  should  theoretically  extend  to  infinity. 

Limitation  of  contouring  to  a  finite  area,  however,  has  an  effect  somewhat  like 
limiting  the  span  of  a  swept  wing  to  something  less  than  infinite,  but  the  flow 
past  the  center  of  a  long-span  wing  is  very  nearly  identical  to  that  past  an 
infinite  wing.  Limitation  of  the  contouring  region  is  therefore  not  only  a 
practical  limitation,  but  thoroughly  acceptable  providing  the  limits  are  not 
cut  so  short  as  to  simulate  a  wing  span  that  is  too  short. 

(I)  Comments  Concerning  The  Wind  Tunnel  Model 

One  of  the  significant  characteristics  of  a  swept  wing  is 
that  the  flow  over  the  upper  surface  bends  toward  the  perpendicular  chord- 
wise  direction  to  such  a  degree  that  only  a  small  portion  of  the  span  is  con¬ 
taminated  by  a  turbulent  wedge  originating  at  the  intersection  of  the  wing 
leading  edge  with  a  fuselage  or  contoured  surface.  This  characteristic  is 
very  helpful  toward  reducing  the  required  spanwise  extent  of  the  LFC  region 
on  the  upper  surface  of  an  experimental  model.  The  extent  of  a  satisfactory 
laminar  region  is  shown  in  the  upper  sketch  in  Figure  122,  and  it  is  seen  that 
the  span  of  the  airfoil  need  not  be  excessive. 

On  the  other  hand,  the  streamlines  on  the  undersurface  bend 
toward  the  leading  edge.  This  is  shown  by  lower  sketch  in  Figure  122,  and 
it  is  seen  that  an  excessively  large  span  is  required  in  order  to  maintain 
laminar  flow  to  the  trailing  edge.  It  is  clear,  therefore,  that  experiments 
on  the  lower  surface  of  a  highly  swept  suction  model  require  a  much  higher 
aspect  ratio.  The  compromise  in  model  scale  required  to  obtain  this  aspect 
ratio  makes  tests  on  the  lower  surface  impractical  for  the  selected  sweep  angle. 

This  does  not  necessarily  mean  that  such  a  sweep  angle  is  excessive  for  an 
airplane,  however,  because  the  turbulent  wedge  does  not  occur  if  extensive 
laminar  flow  can  be  continued  past  the  wing  and  fuselage  juncture.  In  fact, 
the  contamination  wedge  on  the  lower  surface  of  the  highly  swept  wing  is  a 
powerful  argviment  in  favor  of  the  development  of  a  laminar  juncture.  With 
the  current  state  of  the  art,  however,  we  shall  be  content  with  the  calcu¬ 
lated  results  for  the  lower  surface.  A  rough  check  on  the  calculations  is 
at  hand,  however,  since  experiments  performed  for  the  upper  surface  can  be 
compared  with  calculations  for  the  upper  surface,  and  a  similar  order  of  accuracy 
should  be  applicable  for  the  lower  surface. 

From  Figure  122  (upper  surface)  it  is  seen  that  although  the  required 
span  of  an  airfoil  model  is  relatively  short,  the  streamwise  length  is  necessarily 
large.  In  addition,  some  additional  length  must  be  provided  for  wall  contouring 
which  simulates  an  extension  of  the  airfoil.  One  can  obtain  an  idea  of  how  much 
contouring  is  required  in  the  following  manner.  Consider  that  the  contour  plate 
extends  ahead  of  the  airfoil  only  as  far  as  the  point  "p"  in  Figure  123.  Then  a 


(I)  Comments  Concerning  the  Wind  Tunnel  Model  (continued) 

bow  wave  will  emanate  from  point  "p”  since  the  flow  will  be  at  freestream 
velocity  ahead  of  this  point.  The  dashed  lines  show  a  three-dimensional 
wing  which  would  also  produce  a  bow  wave  through  point  "p",  and  it  can  be 
concluded  that  the  termination  of  the  contour  plate  at  "p”  very  roughly 
stimulates  an  airfoil  which  changes  abruptly  at  point  "n",  as  does  the  dashed 
portion  of  the  airfoil.  The  change  in  direction  of  the  dashed  lines  at  "n" 

Is  symbolic  only  and  not  necessarily  realistic.  For  the  case  shown  (Figure  123) 
the  vertex  of  the  simulated  wing  is  more  than  four  chordlengths  (chord  measured 
perpendicular  to  the  leading  and  trailing  edges)  away  from  the  contoured  wall 
so  that  the  flow  past  the  wall  may  be  considered  reasonably  close  to  two- 
dimensional*  although  not  exactly.  The  location  of  point  "p"  was  considered 
a  satisfactory  contour  limit  for  the'  subject  test  model  from  a  practical 
point  of  view  (the  test  results*  however*  indicated  some  loss  of  lift  probably 
occurred  as  a  result  of  this  termination).  The  point  ”p"  is  50  percent  chord 
upstream  of  the  leading  edge. 


With  these  considerations  in  mind,  a  wind  tunnel  model  was 
designed  and  built  for  testing  in  Tunnel  A  at  AEDC.  The  dimensions  of  the  test 
section  of  this  tunnel  is  40  Inches  square;  and  by  choosing  a  configuration  in 
which  the  wing  was  mounted  on  the  contour  plate  and  the  plate  supported  by  the 
wind  tunnel  walls  slightly  below  the  tunnel  centerline  (Figure  124)*  it  was 
possible  to  arrive  at  a  simulated  model  chord  of  10  inches  measured  perpendicular 
to  the  leading  edge.  The  term  "simulated  model  chord"  is  used  because  the 
actual  model  chord  extended  downstream  of  the  simulated  trailing  edge  as  shown 
in  Figure  125  in  order  to  obtain  internal  ducts  for  suction  in  this  small  size 
model.  The  upper  surface  of  this  trailing  edge  extension  was  contoured  to  match 
the  stagnation  streamline  flow  for  the  airfoil  at  the  mean  test  lift  coefficient 
sc  that  it  would  have  minimum  influence  at  the  design  lift  coefficient  on  the 
pressure  distribution  at  outboard  stations.  The  original  airfoil  contour  was 
carried  sufficiently  far  aft  on  the  lower  surface  so  that  the  pressures  on  the 
upper  test  surface  were  unaffected  by  the  modified  airfoil  shape.  The  support 
plate  for  the  wing  was  also  contoured  to  streamline  flew  up  to  a  similar  aft 
position  for  the  undersurface  and  all  the  way  to  the  end  of  the  airfoil  exten¬ 
sion  on  the  upper  side  of  the  airfoil.  Figure  126  shows  the  support  plate  with 
the  skin  removed  and  Illustrates  the  general  shape  of  this  contouring. 


The  test  area  on  the  upper  surface  of  the  airfoil  is  similar 
to  that  given  in  Figure  122  and  is  indicated  by  the  location  of  the  slots  as  shown 
in  Figure  127.  In  general,  the  ends  of  the  slots  lie  along  curves  which  follow 
the  edges  of  contamination  regions  caused  by  turbulence  originating  at  the  ends 
of  the  first  slot.  Details  of  the  slot  design  are  given  in  Part  (J)  below, 
ouction  could  be  controlled  independently  in  each  of  seven  separate  suction 
regions,  as  shown  in  Figures  125  6e  128.  Other  details  of  the  model  are  shown 
in  Figures  129  through  132.  The  chord  in  the  streamwise  direction  was  33  inches 
for  this  model;  the  Reynolds  number  capability  of  the  wind  tunnel  based  on  this 
chord  at  M  =  2.0  was  about  25  to  26  million,  which  was  quite  adequate.  As 
pointed  out  in  the  next  section,  however,  this  limit  could  not  be  reached  due 
to  limits  in  the  model  dimensions. 
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( J)  The  Suction  Slots 


Experience  with  laminar  suction  through  finite  size  slots  has 
indicated  that  success  in  maintaining  laminar  flow  is  most  likely  to  occur  when 
certain  design  limitations  are  observed.  One  of  these  limitations  is  that  the 
slot  width  should  not  exceed  the  height  of  the  sucked  layer  by  more  than  20%. 

A  general  design  rule  has  been  to  design  the  slot  width  equal  to  the  height  of 
the  layer  of  air  removed  by  that  slot  at  the  highest  test  Reynolds  number. 

Secondly,  the  outer  edge  of  the  sucked  layer  should  not  extend  too  far  up  into 
the  boundary  layer;  i.e.,  one  should  not  depart  too  greatly  from  the  condition 
which  approximates  continuous  suction.  A  fair  rule  is  that  the  suction  layer 
height  should  not  exceed  the  momentum  thickness.  At  high  Mach  numbers  there  has 
also  been  an  indication  that  the  Mach  number  at  the  top  of  the  sucked  layer 
should  not  exceed  about  0.60,  but  test  data  confirming  this  rule  are  limited 
at  the  present  time.  These  last  items  result  in  a  maximum  permissible  slot 
spacing.  In  addition,  the  slot  Reynolds  number  is  generally  limited  to  about 
120,  but  on  supersonic  models  this  has  never  been  a  problem  since  the  densities 
in  the  sucked  layer  are  so  low.  When  these  slot  design  "rules"  are  observed,  it 
is  usually  possible  to  achieve  laminar  flow  at  the  design  Reynolds  number.  Wlien 
they  are  not  observed,  experience  has  shown  that  laminar  flow  is  usually  possible 
if  adequate  suction  can  be  applied,  but  only  at  some  value  of  Reynolds  number 
less  than  the  design  value. 

For  scaled-down  models,  one  must  also  be  concerned  wl th  dynamic 
similarity  of  the  model  to  the  full-scale  airplane  or  airplane  component. 

This  simply  means  scaling  down  all  full-scale  dimensions,  and  testing  at  approxi¬ 
mately  the  same  chord  Reynolds  number.  This  scaling  down  is  extremely  difficult 
for  small  LFC  models  because  of  the  machining  limits  for  the  models.  Slots,  for 
instance,  could  not  be  reliably  made  narrower  than  about  0.0035  inch  at  the  time 
the  model  was  constructed.  Also,  in  regions  of  strong  pressure  gradients  the 
slot  spacing  becomes  small  even  at  full  scale,  and  reduces  to  a  few  thousandths 
of  an  inch  for  a  10-inch  chord  model.  Prior  to  construction  of  the  72.5°  swept 
wing  model  the  closest  slot  spacing  was  0.25  inch.  For  this  model  this  dimen¬ 
sion  was  reduced  to  0.080  inch,  or  0.27  inch  in  the  streamline  direction  (see 
Figure  25),  and  slots  as  narrow  as  0.003  to  0.0035  inch  (made  with  an  0.003 
inch  saw)  were  employed.  When  these  minimum  dimensions  were  considered  together 
with  the  rules  cited  above  and  checked  against  calculations  of  the  boundary  layer 
development,  it  became  quite  apparent  that  the  Reynolds  number  for  laminar  flow 
would  be  limited  by  the  model  dimensions.  Indications  from  conservative  appli¬ 
cation  of  the  "rules"  was  that  4  million  Reynolds  number  was  assured,  and  by 
stretching  to  the  limits  of  the  "rules"  there  was  a  possibility  of  10  million. 

The  slots  were  designed,  therefore,  on  the  basis  that  10  million  was  possible. 

Tlie  slot  design  rules  discussed  above  were  known  to  be  effec¬ 
tive  for  unswept  or  slightly  swept  slots,  and  it  was  assumed  that  they 
would  also  be  applicable  for  highly  swept  slots.  The  same  rules  were  used, 
therefore,  to  determine  the  slot  widths  and  spacing  for  the  72.5°  swept  wing 
model.  Departure  from  the  usual  procedure  was  required,  however,  for  the 
calculation  of  the  losses  through  the  highly  swept  slots.  An  efficient  appli¬ 
cation  of  laminar  suction  required  metering  of  the  suction  through  successive 
slots  along  the  chord  since  the  difference  in  internal  and  external  pressure 
varied  along  the  chord  length.  Tliis  metering  was  accomplished  by  installing  holes 
between  the  suction  slot  chamber  and  the  raair.  suction  chamber  (see  Figure  125) 
of  such  dimensions  that  the  total  suction  losses  for  the  desired  airflow  matched 
the  internal  and  external  pressure  differential.  ITien,  the  hole  selection 


(J)  The  Suction  Slots  (continued) 


required  a  knowledge  of  the  slot  losses*  It  has  been  conventional  to  assume  the 
slots  were  two-dimensional  laminar  flow  channels,  and  for  such  a  channel  the 
losses  may  be  calculated  (Reference  123).  For  the  highly  swept  model,  however, 
the  spanwlse  flow  was  expected  to  have  considerable  Influence  on  the  slot  losses; 
consequently,  adjustments  had  to  be  made  for  this  spanwlse  flow*  The  calculation 
of  the  slot  losses  was  done  by  the  method  described  in  Chapter  D,  Section  b, 
which  takes  the  spanwise  flow  into  consideration. 

The  resulting  slot  and  hole  dimensions  are  given  In  Table  VII* 

(K)  Instrumentation  of  Model 


Pressure  taps  were  installed  along  three  rows  in  the  upper 
surface  of  the  airfoil,  located  as  shown  in  Figure  128  and  Table  VIII*  There  were 
originally  thirteen  pressure  taps  installed  for  each  row  although  a  number  of 
them  developed  leaks  or  plugging  before  the  model  and  tests  were  completed,  as 
Indicated  In  the  table*  The  loss  of  some  of  these  pressure  taps  is  attributed 
to  the  difficulty  of  Installing  them  satisfactorily  in  the  cramped  spaced  of  a 
suction  model  of  such  small  dimensions*  The  plugging  of  the  midspan  pressure 
taps  prior  to  the  final  experiments  at  0*75**  angle  of  attack  was  deliberate  In 
order  to  achieve  maximum  test  Reynolds  number* 

In  addition,  static  pressure  taps  were  Installed  In  each  of 
the  seven  suction  chambers,  and  the  stagnation  temperatures  were  also  measured 
in  three  of  these  chambers  in  order  to  supply  the  required  Information  for  the 
calculation  of  the  equivalent  suction  drags  for  the  model*  The  mass  flow  of  air 
from  each  suction  chamber  was  measured  in  separate  flow  measuring  nozrles  outside 
the  tunnel*  The  stagnation  temperature  and  the  total  (stagnation)  and  dynamic 
pressures  were  recorded  for  each  nozzle  so  that  the  mass  flow  could  be  calculated* 

All  of  the  foregoing  instrumentation  has  been  "standard"  for 
supersonic  laminar  flow  models  and  was  similar  to  (If  not  actually  the  same  as) 
that  used  for  the  36®  swept  wing  experiments  described  in  Section  II,  Part  2, 

Chapter  C-a  of  this  report*  The  measurement  of  the  wake  of  the  72*5®  swept 
airfoil,  however,  presented  a  different  problem  than  for  previous  experiments* 

It  has  been  customary  to  obtain  many  boundary  layer  profile  readings  in  the 
wake.  This  has  been  accomplished  In  the  past  by  judicious  spanwlse  spacing  of 
the  total  head  tubes  In  the  wake  rake  and  has  been  successful  because  the  boundary 
layer  thickness  was  relatively  large*  For  airfoils  swept  behind  the  Mach  cone 
the  situation  dees  not  pertnic  a  similar  approach.  In  the  first  place,  the 
boundary  layer  was  expected  to  be  extremely  thin,  for  the  calculations  Indicated 
momentum  thicknesses  of  the  order  of  0.001  inch  and  total  boundary  layer  thicknesses 
of  perhaps  20  times  this  figure,  or  0*020  inch.  A  dimension  of  0.012  Inch  was 
about  the  closest  to  the  surface  that  a  total  head  measurement  could  be  made 
with  practical  instrumentation;  consequently,  one  could  not  be  expected  to  obtain 
accurate  profile  shapes  for  wakes  of  these  dimensions*  But  since  the  wake  drag 
was  calculated  to  be  only  a  small  portion  of  the  total  drag,  it  was  felt  that  an 
approximate  profile  shape  would  be  adequate  and  resulting  errors  would  not 
appreciably  limit  the  accuracy  of  the  total  drag*  In  view  of  these  considerations, 
the  wake  rake  shown  in  Figure  133  was  built  for  the  experiments.  The  first  total 
head  tube  was  located  as  near  to  the  surface  as  practical  and  the  remaining  tubes 
were  spaced  vertically  so  that  the  bow  waves  of  each  tube  would  not  interfere 


(K)  Instrumentation  of  Model  (continued) 


I 


I  m 


I 


with  the  remaining  tubes.  The  spanwlse  displacement  could  not  be  used  on  this 
model  In  order  to  reduce  the  vertical  spacing  because  of  the  high  sweep  angle 
of  the  wing  and  the  slots.  When  this  sweep  Is  In  excess  of  the  Mach  angle,  a 
spanwlse  displacement  of  the  wake  rake  tubes  either  results  In  measurements 
which  cross  slots  or  else  results  In  stagger  to  such  an  extent  that  many  tubes 
are  measuring  the  losses  through  the  shock  waves  of  others.  For  this  reason 
the  simple  vertical  rake  was  adopted.  Initially,  It  was  felt  that  the  rake 
would  only  be  used  to  determine  whether  or  not  laminar  flow  occurred  and  that 
the  laminar  boundary  layer  shape  would  be  approximated.  During  the  tests,  how¬ 
ever,  the  model  developed  boundary  layers  considerably  larger  than  those  predicted. 
Fortunately,  the  wake  rake  proved  to  be  adequate  for  the  measurement  of  these 
larger  boundary  layers. 

(L)  Experimental  Measurements  and  Data  Reduction 

Tests  were  conducted  In  January  1963  at  AEDC  Tunnel  A  of  the 
von  Karman  Gas  Dynamics  Facility  of  ARO,  Inc.,  Tullahoma,  Tennessee. 

S.  R.  Pate  and  J.  S.  Delterlng  of  aRO  were  project  engineers  for  these  tests 
at  this  facility. 


Tests  consisted  of  observation  of  the  wake  profile  to  determine 
how  It  varied  as  the  suction  was  adjusted  In  each  of  the  separate  suction 
chambers.  The  pressure  and  temperature  data  were  recorded  for  several  profiles 
varying  from  a  thin  laminar  profile  with  strong  suction  to  a  thick  laminar  or 
possibly  even  turbulent  profile  for  weak  or  zero  suction.  This  process  was 
repeated  for  several  Reynolds  numbers  at  each  of  three  angles  of  attack  at 
Mach  2.0.  A  limited  number  of  runs  were  also  made  at  Mach  2.25.  Most  of  the 
data  reduction  was  completed  at  the  Tunnel  A  facility.  The  method  was  comparable 
to  that  of  the  data  reduction  for  the  supersonic  flat  plate  and  the  36 **  swept 
wing  except  for  the  correction  to  the  wake  drag  for  crossflow  and  for  the 
variation  of  momentum  deficit  between  the  trailing  edge  and  the  freestream  at 
Infinity.  These  latter  corrections  were  omitted  In  the  ARO  report  (Reference 
122)  because  the  method  of  correction  had  not  been  worked  out  at  the  time  the 
tests  were  conducted.  Since  the  correction  Is  always  In  the  direction  of 
reduced  drag,  the  drags  quoted  In  Reference  122  are  necessarily  pessimistic. 

The  nature  of  the  crossflow  correction  Is  r.lven  In  the  appendix,  and  this  correc¬ 
tion  was  applied  to  the  results  quoted  here. 

(1)  Results  of  the  Experiments 

The  results  conducted  at  Mach  2.0  will  be  considered  first. 

The  results  of  the  measurements  of  the  drag  components  are  shown  as  a  function 
of  the  suction  coefficient  In  Figures  134  through  136.  The  trend  of  these  results 
was  typical  of  those  for  laminar  flow  airfoils  except  that  the  equivalent  suction 
drag  was  higher  than  usual  due  to  the  large  suction  rates  required  for  laminar 
stability  In  a  flow  field  having  exceptionally  strong  crossflow  pressure  gradients. 
The  exceptional  pressure  gradients,  of  course,  were  a  direct  result  of  the  high 
sweep  angle,  which  had  to  exceed  the  Mach  angle  for  this  type  wing.  These  high 
suction  requirements  were  predicted  from  calculations  made  In  the  early  part  of 
the  Investigation.  The  resulting  relatively  high  suction  drags  were  offset 
somewhat  by  the  corresponding  low  wake  drags  since  the  wakes  were  very  small  at 
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(1)  Results  of  the  Experiments  (continued) 


high  suction  quantities  (although  not  as  small  as  the  boundary  layer  calculations 
Indicated).  It  might  be  well  to  point  out  at  this  time  that  a  practical  application 
of  the  sweep  concept  to  an  airplane  would  result  In  the  use  of  a  tapered  swept 
wing  In  which  the  sweep  angle  at  the  trailing  edge  vK)uld  be  reduced  somewhat  at 
Mach  2.0.  This  local  reduction  of  sweep  would  help  to  reduce  the  crossflow  and 
consequently  the  suction  requirements  and  equivalent  suction  drag  for  the 
trailing  edge  region.  On  the  other  hand  the  wake  drag  would  Increase  somewhat 
because  of  the  reduced  suction,  so  that  the  overall  tendency  would  be  toward 
an  equalization  of  the  wake  and  suction  drags. 

The  measured  wake  drags  for  the  constant  chord  model 
(Figures  134>136}  are  based  on  wake  measurements  after  they  were  corrected  for 
crossflow.  The  crossflow  correction  employed  was  empirical,  and  the  method  of 
correction  and  basis  for  the  method  are  described  in  Part  (M).  Briefly,  the 
correction  was  required  because  the  wake  rake  indicated  a  momentum  deficit  based 
on  68s*  which  Is  the  momentum  thickness  based  on  only  one  component  of  the  flow. 

The  use  of  698  correctly  accounted  for  the  velocity  decrement  In  the  wake,  but  the 
mass  flow  rate  (by  which  the  velocity  decrement  should  have  been  multiplied  to 
obtain  momentum  deficit)  required  modification  due  to  the  crossflow  component. 

The  modification  was  considerable  at  high  sweep  angles  and  was  always  in  the 
direction  of  reduced  mass  flow.  The  reason  for  the  modification  can  be  seen  in 
another  way  by  Inspecting  Figure  137,  in  which  a  control  volume  is  shown  for  a 
unit  span  length  of  a  swept  airfoil.  Wake  rake  readings  indicate  that  the  mass 
flow  rate  out  of  the  control  volume  Is  proportional  to  the  steamwlse  velocity 
component,  but  It  Is  seen  that  the  crossflow  component  Is  In  such  a  direction 
as  to  give  flow  back  Into  the  control  volume  and  this  results  in  a  net  reduction 
of  the  mass  flow  rate.  This  reduction  of  mass  flow  rate  for  a  given  streamwlse 
velocity  decrement  can  result  In  reductions  of  the  momentum  deficit  and  corresponding 
wake  drags  at  72.3^  of  sweep  by  as  much  as  60  percent,  as  shown  In  Fart  (M).  The 
wake  drag  correction,  although  based  on  calculated  results.  Is  of  necessity  an 
empirical  correction.  Every  effort  was  made  to  be  conservative  In  applying  this 
correction,  as  explained  in  the  appendix  (Part  (M)),  but  the  accuracy  of  the 
correction  could  be  considered  open  to  question.  For  this  reason  both  the 
corrected  results  and  those  based  on  wake  drags  determined  from  68s  given  as 
a  function  of  Reynolds  number  In  Figures  138  to  140  (part  a  of  each  figure  is  for 
corrected  and  part  b  for  uncorrected  data).  The  plotted  points  are  the  minimum 
measured  total  drags  at  each  Reynolds  number.  Although  only  the  wake  drag  was 
corrected,  the  suction  drags  also  differ  for  parts  a  and  b  of  each  figure  because 
the  "optimum"  suction  coefficient  at  each  Reynolds  number  changes  with  variation 
of  the  wake  drag.  The  large  magnitude  of  the  wake  correction  is  apparent  from  these 
figures,  but  comparison  with  the  changes  in  the  calculated  drags  due  to  crossflow 
corrections  (given  in  Table  IX)  Indicates  that  these  large  wake  corrections  are 
not  unrealistic.  The  total  drag  coefficients  for  the  model  at  9  million  Reynolds 
number  were  respectably  low  and,  by  comparison  with  the  drag  curves  for  the  flat 
plates  It  may  be  seen  that  the  flow  was  clearly  laminar.  The  drag  rise  at  Reynolds 
numbers  greater  than  9  million  was  a  limitation  due  to  the  small  scale  of  the 
model  and  Is  discussed  fully  in  Part  (J)  above.  It  should  not  be  considered  a 
limiting  Reynolds  number  for  larger  scale  applications. 

Figures  141  and  142  show  typical  variations  of  the  measured 
average  suction  intensities  as  a  function  of  the  chordwise  location.  The 
distributions  are  typical  of  those  for  swept  wings  having  subsonic  type  pressure 
distributions  and  the  shapes  agree  reasonably  well  with  the  calculated  suction 
distributions  (Figures  116  or  141b).  Comparison  of  the  measured  and  calculated  values 


(1)  Results  of  the  Experiments  (continued) 


of  the  suction  coefficient  and  the  various  drag  coiiq>onents  are  given  In  Table  X 
for  Q  M  0.15.  It  Is  seen  that  the  measured  Cog  is  less  than  the  calculated  one. 

This  Is  due  primarily  because  of  a  pessimistic  estimate  of  Pg/Poofor  the  calcu¬ 
lated  suction  drag  (Table  VI).  The  measured  value  of  this  pressure  ratio 
averaged  about  0.74  as  opposed  to  the  value  of  0.648  given  in  the  table.  The 
measured  wake  drag  coefficients  are  considerably  larger  than  the  calculated 
ones.  This  is  a  typical  result  for  laminar  flow  experiments  since  drag  calcu¬ 
lations  have  always  assumed  continuous  suction;  but  suction  was  accomplished  through 
finite  slots.  The  discrepancy  in  the  wake  drag  is  especially  large  for  this 
model  at  8-9  million  Reynolds  number,  because  at  this  Reynolds  number  the  limits 
of  efficient  slot  design  have  been  exceeded  as  explained  in  Section  (J).  Typical 
wake  profiles  for  the  optimum  suction  conditions  are  shown  in  Figure  143.  Although 
thicker  than  predicted,  these  profiles  were  still  thin*  Figure  143  also  shows  a 
typical  variation  of  the  profiles  with  change  in  suction. 

Pressures  were  recorded  for  all  runs  on  the  upper  surface 
of  the  airfoil  at  the  three  chordwlse  stations  shown  in  Figure  128.  Precise 
interpretation  of  the  pressure  measurements  is  difficult  because  the  scatter 
that  occurred  at  any  given  ot  was  large.  Only  a  small  portion  of  the  scatter 
could  be  attributed  to  instrumentation  although  the  measured  pressures  were  of 
the  order  of  only  1.0  psia.  A  greater  portion  of  the  scatter  was  a  direct  result 
of  changes  in  the  suction  distribution.  Figure  144  indicates  the  order  of  magni¬ 
tude  of  the  variation  of  some  of  the  pressures  with  the  suction  coefficient. 

It  is  difficult  to  determine  whether  this  trend  of  changes  was  due  to  the  prox¬ 
imity  of  the  slots,  which  ha'*  a  local  sink  effect,  or  to  the  changes  in  boundary 
layer  displacement  thickness,  which  effectively  changed  the  airfoil  contour. 
Reducing  the  suction  to  sero  was  of  no  help  because  the  airfoil,  which  was 
designed  for  suction,  was  then  subjected  to  extreme  crossflow  (bordering, 
perhaps,  on  separation)  in  the  region  of  the  steep  pressure  rise  near  the 
trailing  edge.  By  comparing  the  pressure  distributions  at  a  given  constant 
suction  coefficient  (a  moderate  value  of  0.9  x  10*^  was  chosen  for  the  reported 
results),  the  influence  of  suction  can  be  minimised  and  some  interesting 
trends  can  be  observed. 

Figure  145  shows  a  comparison  of  the  measured  pressure 
distributions  at  the  three  spanwlse  stations.  It  is  seen  that  the  pressure 
distribution  was  essentially  two-dimensional  in  nature,  although  some  local 
departures  are  seen  to  have  occurred.  Figure  146  shows  the  variation  of  pressure 
with  angle  of  attack.  For  comparison,  the  dashed  curve  shows  the  calculated 
potential  flow  pressures  corresponding  to  0.15  angle  of  attack.  It  can  be 
immediately  observed  that  the  variation  with  angle  of  attack  was  slight  and 
that  the  design  lift  coefficient  was  not  quite  achieved.  In  Figure  147  the 
equivalent  two-dimensional  velocity  distribution  (corresponding  to  the  measured 
midspan  pressures)  is  shown  in  comparison  with  the  potential  flow  calculations 
for  n't  «  -0.625®  and  n't  ■  1.50®  (modified  Gothert  compressibility  correction). 
Although  the  latter  angle  corresponds  to  the  angle  for  which  the  measurements 
were  made,  the  plotted  velocity  distribution  corresponds  more  nearly  to  that  of 
the  calculations  for  the  former  angle.  Calculation  of  the  lift  coefficient  for 
th^’.  .measured  velocities  assuming  undersurface  velocities  corresponding  to 
n't  s  -0.625  and  n't  =  1.5®  results  in  respective  values  of  Ctj^  equal  to  0.755 
and  0.863.  The  potential  flow  value  of  Ct];,  at  1.5®  as  shotm  in  Figure  147  la 
1.011  so  that  only  about  75Z  to  85Z  of  the  calculated  lift  was  developed  during  the 
tests.  The  small  change  in  pressure  distribution  with  change  in  angle  of  attack 
would  indicate  that  the  influence  of  the  contour  plate  combined  with  the  fixed 
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(1)  Results  of  the  Experiments  (continued) 

trailing  edge  stagnation  streamline  Lad  an  overwhelming  effect  on  the  velocity 
distribution  of  the  airfoil  test  panel.  This  is  not  an  extraordinary  result, 
considering  the  relative  sizes  of  the  contour  plate  and  the  airfoil.  Although 
it  was  recognized  that  the  variation  of  lift  with  angle  of  attack  would  be 
somewhat  unrealistic,  it  was  not  realized  that  the  effect  of  the  fixed  plate 
and  trailing  edge  extension  contours  would  be  so  overpowering.  In  view  of 
the  strong  influence  of  the  contour  plate,  it  is  also  understandable  that  the 
lifts  did  not  quite  meet  expectation,  for  the  contour  plate  was  limited  in 
extent,  by  the  size  of  the  test  section.  The  tunnel  walls  also  acted  as  re¬ 
flection  planes  at  the  ends  of  the  contour  plate.  This  resulted  in  simulation 
of  an  image  of  the  contour  plate  and  would  tend  to  reduce  the  lift  somewhat. 
Finally,  no  influence  of  the  boundary  layer  was  taken  into  account  in  designing 
the  contoured  plate  or  trailing  edge  extension.  This  boundary  layer  certainly 
had  an  influence  on  the  flow  field  and  might  account  for  some  of  the  loss  in 
lift. 


The  discrepancies  between  the  calculated  and  measured  flow 
were  not  so  large,  however,  that  the  experiments  could  not  be  considered 
successful.  The  pressure  distributions  were  of  the  subsonic  type  with  no 
apparent  leading  edge  separation  and  a  strong  pressure  rise  near  the  trailing 
edge.  The  corresponding  lift  coefficient  was  still  of  considerable  magnitude 
and  the  measured  pressures  corresponded  everywhere  to  subcrltical  conditions. 
In  addition,  a  small  change  in  pressure  distribution  did  result  from  the  angle 
of  attack  changes  --  enough,  in  fact,  so  that  it  was  noticeably  easier  to 
establish  laminar  flow  at  the  higher  angles  during  the  test  program.  Finally, 
and  most  important,  the  measured  drags  were  low,  and  there  was  nothing  in 
results  of  the  experiments  that  would  indicate  that  these  drags  would  not 
remain  low  at  higher  (still  subcrltical)  lift  coefficients. 

The  results  of  the  few  experiments  made  at  M<»  sr  2,25  are 
given  in  Figures  148  &  149,  The  data  are  sparse  because  during  the  tests  the 
wake  readings  indicated  a  very  peculiar  profile  shape  that  seemed  to  be  un¬ 
responsive  to  changes  in  suction  quantity  or  suction  distribution.  Typical 
measured  profiles  at  M<»  =  2,25  are  shown  in  Figure  150  and  may  be  compared 
with  the  profile  for  M®  =  2,0  shown  in  Figure  143.  The  reason  for  the 
peculiar  wake  is  not  understood,  but  it  was  impossible  to  determine  during 
the  tests  whether  or  not  the  flow  was  laminar  or  if  changes  in  auction  were 
advantageous.  In  order  not  to  jeopardize  the  completion  of  the  test  program, 
only  a  limited  number  of  test  points  were  recorded,  but  they  are  probably  not 
optimum  conditions. 

In  spite  of  the  strange  wake  profiles  the  drags  were 
respectably  low  (Figure  149),  although  not  as  low  as  at  Mach  2.0.  A  typical 
pressure  distribution  is  shown  in  Figure  151,  and  the  pressures,  although 
very  close  to  critical  at  some  points,  are  seen  to  have  been  subcrltical 
even  though  potential  flow  calculations  indicated  critical  flow  at  this  Mach 
number  tor  the  design  lift  coefficient.  This  development  is  not  surprising, 
however,  since  the  design  lift  coefficient  was  not  achieved,  as  discussed 
previously.  Little  else  can  be  said  concerning  the  Mach  2.25  experiments 
except,  perhaps,  that  it  is  clear  that  low  drags  can  be  maintained  for 
velocity  distributions  very  close  to  the  critical  values. 
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(M)  Appendix  --  Description  of  the  Empirical  Correction  for  the 
Wake  Drag 


The  momentum  thickness  (6ss^  measured  in  the  wind  tunnel 
does  not  take  the  crossflow  effects  into  account,  and  although  these  effects 
are  small  for  slight  or  moderate  sweep  angles,  they  become  rather  large  at 
high  sweep  angles.  The  crossflow  component  must  be  considered  because  it  modi¬ 
fies  the  mass  flow  rate  on  which  the  momentum  deficit  should  be  based.  In  the 
section  describing  the  36°  swept  wing  experiment  (Section  II,  Part  2,  Chapter 
C-a)  it  is  shown  that  the  wake  drag  for  swept  wings  may  be  found  from 
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For  simplification  these  will  be  rewritten  as  follows: 


=  1  -  +  (V/U)2  F2 


(5) 

(6) 


(7) 

(8) 


The  problem  of  determining  the  wake  drag  now  reduces  to  that  of 
determining  Fj^  and  F2  at  the  airfoil  trailing  edge.  Since  Fj^  and  F2  depend  upon 
the  values  of  6n»  6ns>  Sm-,  and  since,  during  the  experiments,  there  was  no 
way  of  measuring  these  boundary  layer  thicknesses,  an  empirical  correction  has 
been  adopted  in  which  these  thicknesses  may  be  determined  from  6|s  “  6ss\/^/C’ 
This  correction  is  based  on  the  results  of  the  computations  of  the  boundary 
layer  development  which  were  described  previously  and  which  included  calculation 
of  all  the  boundary  layer  thicknesses. 


In  Figure  152,  F,  +  F2  is  plotted  as  a  function  of  6*„  and 

•  •  1  L  ^  S  S 

it  is  seen  that  the  sum  can  be  approximated  by  straight  lines  whose  slope 


(M)  Appendix  —  Description  of  the  Bnplrlcal  Correction  for  the 
Wake  Drag  (continued) 

depends  on  the  ratio  V/U.  Then  the  data  are  represented  roughly  by 


F,  +  F 


2  =  SSs/Xs 


(9) 


2 

and  k_  is  given  as  a  function  of  (V/U)  in  Figure  153.  These  relations  suggest 
that  if  the  ratio  6fs/^s  independent  variable,  one  obtains  a 

unique  relation  in  which  F^  +  F2  varies  linearly  with  SJ^/kg  with  a  slope  of  1.0. 

Inspection  of  Equation  (8),  however,  indicates  that  F]^  +  F2 
probably  has  a  maximum  less  than  1.0,  for  if  it  did  not,  6^^  would  become 
negative  and  would  indicate  reverse  flow  on  the  wing.  This  reasoning  suggests 
that  the  data  are  better  represented  by  an  equation  of  the  form 


Fi  +  Fj  ■= 


+  (8*5s/k,)2 


(10) 


which  is  the  first  derivative  of  a  hyperbola.  This  equation  has  a  limit  of  k^^ 
and  a  slope  through  zero  equal  to  kj^/k^*  One  could  perhaps  argue  that  k.  should 
be  1.0  since  this  is  the  limit  for  which  no  reverse  flow  occurs,  but  sucn  a 
limit  leads  to  data  corrections  that  almost  eliminate  the  spanwise  component 
of  drag.  Mathematically,  the  limit  for  reverse  flow  is  1.0,  but  this  leads  to 
a  rectangular  profile  for  the  u  component  of  velocity  and  such  a  profile  will 
not  even  be  approached.  It  is  possible  to  determine  a  more  realistic  limit 
by  analyzing  the  vectors  in  the  boundary  layer.  Figure  154  shows  the  loci  of 
the  ends  of  calculated  vectors  for  a  profile  in  which  ^fs^^s  ° 
dashed  line  in  the  same  figure  represents  the  loci  of  vectors  for  an  estimated 
maximum  crossflow,  and  these  latter  loci  were  assumed  to  represent  maximum 
crossflow  conditions  for  a  variety  of  s  component  profiles.  It  was  then  possible 
to  calculate  corresponding  values  6*  ^  This  ratio  was  found  to 

average  about  0.23.  Then  the  estimated  maximum  for  Fi  +  F2  is  given  by 

(Fi  +  f2'>max  "  -  ^*23  =  0*77  (11) 

This  indicates  a  possibility  of  at  least  a  77  percent  reduction  in  the  spanwise 
component  of  drag,  if  the  estimated  maximum  crossflow  is  correct. 

The  reasoning  above  gives  an  idea  of  the  possible  magnitude 
of  the  wake  correction,  which  always  results  in  a  reduction  of  this  drag 
component.  When  dealing  with  unknowns,  however,  it  is  wise  to  be  conservative; 
and,  in  view  of  this,  a  value  of  k|^  of  only  0.629  was  chosen.  This  value  was 
felt  to  be  the  minimum  value  that  could  be  selected  that  would  result  in  a  reasonable 
representation  of  the  computed  information.  The  corresponding  value  of  Icq  which 
best  represented  the  d^tta  was  0.600.  Figure  155  shows  the  computed  data  in 
comparison  to  the  empirical  curve  proposed  for  the  wake  corrections. 
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(M)  Appendix  »»  Description  of  the  Empirical  Correction  for  the 
Wake  Drag  (continued) 

In  order  to  evaluate  It  Is  necessary  to  determine  F. 
and  F2  separately.  Since  F.  Is  the  smaller  value.  It  will  be  determinea  first. 
A  plot  of  F2  vs  'Ifs/ks  is  shown  In  Figure  156  and,  like  the  sum  Fj^  +  F2, 

the  data  for  Fo  are  approximated  by  a  straight  line  when  /k  is  small. 

Although  the  scatter  is  much  greater  than  for  the  sum  F^^  +  F2,  the  value  of 

F2  is  smaller  so  that  the  scatter  Is  less  significant.  F2  also  has  an  approxl* 

mate  upper  limit  which  can  be  determined  in  a  sinq>le  manner  by  evaluating  the 
maximum  for  (V/U)2f2. 


^SS 


V.  2 

^ns  * 


[|v  Si 

^ss  U  q2  Pi  U  q2  Pj 


_  I  rrVn.s.Vn.  P.l 


The  maximum  value  of  this  latter  integral  has  been  determined  for  several  cal* 
culated  s  profile  shapes,  assuming  two  conditions:  (1) that  n  has  the  maximimn 
possible  value  corresponding  to  U  «  0  (except  where  it  would  result  in  v 
exceeding  V)  and  (2)  that  n  has  a  value  corresponding  to  the  loci  of  vector 
terminal  points  represented  by  the  dashed  line  in  Figure  154.  The  two  cases 
gave  about  the  same  maxlmxim  values  of  F2  and  the  average  of  both  cases  for 
several  profiles  was  about  0.198.  Since  a  large  value  of  F2  results  in  a  small 
wake  correction,  this  estimated  limit  was  adopted  as  computed  without  further 
adjustment.  The  resulting  empirical  equation  for  F2  is 


F,  ,  0.198 


The  data  and  this  empirical  curve  are  shown  in  Figure  156.  F]^  is  determined  by 
siiiq)ly  taking  the  difference  between  (F^  +  F2)  and  F2.  The  final  empirical 
correction  factors  used  for  the  wake  correction  are  sunmarised  in  Figure  157, 
and  kg  is  given  in  Figure  153.  The  added  subscript  "c"  is  employed  with  Cd^  to 
denote  that  the  empirical  crossflow  correction  has  been  used  to  determine  this 
drag  conponent. 
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(M)  Appendix  --  Description  of  the  Empirical  Correction  for  the 
Wake  Drag  (continued) 

Table  IX  shows  a  conq>arlson  of  the  correct  calculated  wake 
drag  coefficients  corrected  by  equation  (1)  with  the  results  using  the  eiiq)lrlcal 
correction  given  by  equations  (8),  (10),  (13).  The  results  of  the  boundary  layer 
calculations  for  the  conditions  shown  In  Figures  113,  116,  117  were  used  for  this 
conoparlson.  It  Is  seen  that  the  final  wake  drags  as  determined  from  the 
enq>lrlcal  correction  are  a  bit  pessimistic.  This  Is  a  direct  result  of  selecting 
constants  In  the  enq>lrlcal  correction  so  as  to  obtain  a  conservative  reduction 
of  the  drag. 


b 


CALCULATION  OF  COMPRESSIBLE  FLOW  LOSSES  THROUGH  SWEPT  SUCTION 
SLOTS 


J.  Goldsmith 


(A)  Summary 

Results  of  laminar  flow  experiments  performed  on  a  super¬ 
sonic  36°  swept  wing  model  indicated  that  it  might  be  desirable  to  consider 
the  influence  of  the  spanwlse  component  of  velocity  when  calculating  the 
losses  through  swept  slots.  If  the  spanwise  component  of  velocity  is  of 
importance  at  36  degrees  of  sweep,  it  certainly  is  logical  that  it  would 
be  more  Influential  at  higher  sweep  angles.  Since  a  model  with  a  sweep 
angle  of  72  degrees  was  being  designed,  an  analysis  was  made  to  determine 
the  influence  of  sweep  on  slot  losses.  The  conclusions  derived  from  this 
analysis  are  presented  in  this  report,  together  with  the  description  of  a 
workable  procedure  for  calculating  the  compressible  flow  losses  through 
swept  slots. 

(B)  Notation 
Dimensional  Variables 


a'  velocity  of  sound 

A  area  of  metering  hole 

c  chord  measured  in  freestream  direction 

C*  constants;  used  with  various  subscripts 

Cp  Specific  heat  at  constant  pressure 

f  local  suction  velocity  for  continuous  suction 

f^  equivalent  “local**  suction  velocity  for  finite  slots 

Fj^  portion  of  buoyancy  force  compensating  for  friction 
force  due  to  the  slot  walls  (in  the  u  direction) 

friction  force  opposing  the  u  component  of  velocity 

F^  friction  force  opposing  the  v  component  of  velocity 

H'  average  local  total  head  pressure  for  the  suction 
layer 

I  denotes  integral;  defined  where  used 

I  chord  measured  perpendicular  to  the  leading  edge 

£'  surface  distance  from  stagnation  point  measured 
perpendicular  to  the  leading  edge 


(B)  Notation  (Continued) 


% 

"\i2 

“uai 

"V 

"V2 

n' 

P' 

q' 

Q' 

r' 

s' 

t* 

t' 

T' 

u 

u' 

U' 

V' 

V 

w 


rate  of  q-component  momentum  flow  per  unit  slot  span 

suction  mass  flow  rate  per  unit  slot  span 

rate  of  u-component  momentum  flow  per  unit  span 

kinetic  energy  flow  rate  based  on  the  u-component  of 
velocity 

01^2  at  slot  inlet 

rate  of  v-component  momentum  flow  per  unit  slot  span 

kinetic  energy  flow  rate  based  on  the  v-component  of 
velocity 

velocity  component  in  the  boundary  layer  perpendicular 
to  Q' 

local  static  pressure 

resultant  velocity  in  the  boundary  layer  or  suction 
system 

resultant  potential  flow  velocity 
gas  constant 

slot  inlet  recovery  factor 

velocity  component  in  boundary  layer  parallel  to  (^' 
time 

temperature  in  the  boundary  layer  or  suction  system 
potential  flow  temperature 

mean  velocity  across  a  slot  (incompressible) 

perpendicular  velocity  component  in  the  boundary  layer 
or  suction  system 

perpendicular  component  of  the  potential  flow  velocity 

spanwise  component  of  the  boundary  layer  or  suction 
system  velocity 

spanwise  component  of  the  potential  flow  velocity 
slot  width  (see  also  nondimensional  w) 


(B)  Notation  (Continued) 

Wjj  effective  slot  width  at  station  x 

w*  critical  effective  slot  width  or  suction  layer  height 

w'  general  velocity;  component  not  specified 

buoyancy  work  per  unit  mass  due  to  motion  along  pres¬ 
sure  gradient 

W£  work  per  unit  mass  due  to  friction 

x'  perpendicular  distance  from  inlet  of  slots  or  holes 

x^  flow  distance  through  slots  in  the  local  streamwise 

direction 

y'  distance  along  the  span  of  the  airfoil  or  slot 

z'  distance  measured  from  wall  through  the  boundary 
layer 

y  hole  spacing  in  spanwise  direction 

A'  slot  spacing  in  feet  (measured  in  perpendicular 

direction) 

A”  slot  spacing  in  Inches  (measured  in  perpendicular 
direction) 

|j,  absolute  viscosity  of  the  fluid 

u  kinematic  viscosity  of  the  fluid 

p  density  of  the  fluid 

Nondimenp-''onal  Quantities 
b  =  0. 218CueWi/We 

B  =  1  +  hJ/5 

C  =  K/t,  =  0.2(w'/al)^ 

d  =  1  -  2z'/w 

f  =  'p/(U'pjj)  =  'T/lU't) 

£*  =  Rl/2£'p/(Po<!i> 

g  =  1  +  h/2 
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(B)  Notation  (Continued) 


h  =  “^oWg/wi 

H  =H'/pg(^ 

J  =  M^/5 

kf  =  f;/f 

Kv  =  nv/™rvi 

2  2 

K  =  q  Q  /7 

“h  =  “r/PahV 

M  =  w' /a' 

n  =  n'/Q'  (also  exponent  for  polytropic  process) 

N  =  p/pj 

P  =P'/PoQi 

q  =  q'/Q' 

rf  =  (H^,^-P)/(VP) 

R  =  iJ'je/uj 

s  =  s'/Q' 

t  =  r't'/(Q^)^ 

T  =  r'T'/(Q^)^ 

u  =  u' /Q' 

U  -  U'/Q' 

U*  =  U'/Q' 

o 

V  =  v'/Q' 

V  =  V'/Q' 

w  =  w'/Q' 

z ' 

z  -  p  dz' 

1/2  ° 
z*  -  z'R  '  /c' 


(B) 


Notation  (Continued) 


a  =  Ax'p,„/Wj_mj. 

§  =  nondimensional  coordinate  for  principal  flow  direc¬ 

tion  (see  paragraph  (I)  "Appendix--Nondimensional 
Variables. . 

=  singularity  factor  (see  paragraph  (1)  "Appendix-- 
Nondimensional  Variables...") 

Subscripts 

o  freestream  value  or  coefficient  subscript 

1  local  value  on  surface  of  airfoil  or  coefficient  sub¬ 
script 

2  exit  of  suction  slot  or  coefficient  subscript 

3  exit  of  suction  metering  hole  or  coefficient  subscript 

A  coefficient  subscript 

5  coefficient  subscript 

a  stagnation  value  for  suction  air 

d  station  d 

e  station  e;  end  of  inlet  length  in  a  slot  (compressible 

flow) 

h  denotes  hole 

i  station  i  •>  slot  inlet 

X  station  X;  used  to  calculate  kinetic  energy  losses  in 

suction  layer 

m  mean  or  average  value 

q  denotes  value  based  on  resultant  velocity  (see  also  raq) 

r  reference  station  r  (see  also  m^) 

s  denotes  outer  edge  of  suction  layer,  local  stream 

direction,  or  slot 

St  freestream  stagnation  condition 


t 

i 


] 


i 
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f 


i 


i 


-513- 


i 


(B) 


Notation  (Continued) 


u  denotes  value  based  on  the  u  component  of  velocity  (see 

also  m  ) 
u 

V  denotes  value  based  on  the  v  component  of  velocity  (see 

also  m^) 

w  denotes  wall  of  slot  or  wing  surface 

X  general  station  through  a  slot,  usually  on  the  center 

streamline 

6  denotes  at  the  outer  edge  of  the  boundary  layer 

(C)  Introduction 

It  has  been  conventional  to  calculate  the  suction  losses 
through  a  slot  for  incompressible  laminar  flow  models  by  assuming  that 
the  slot  is  a  two-dimensional  laminar  flow  channel  (reference  73).  This 
procedure  has  proved  to  be  very  satisfactory  for  the  design  of  low-speed 
models.  The  initial  experiments  on  supersonic  suction  models  (reference 
98)  indicated  that  the  incompressible  laminar  flow  channel  calculations 
were  inadequate  for  supersonic  models,  since  the  incompressible  calcula¬ 
tion  does  not  account  for  the  density  changes  through  the  slot.  There¬ 
after,  slot  losses  for  supersonic  models  were  calculated  at  Norair  by 
means  of  an  approximate  method  derived  by  Groth  (Appendix  II  of  reference 
123). 


The  use  of  Groth* s  approximate  method  seemed  to  result 
in  adequate  suction  systems  for  subsequent  unswept  models.  For  a  36° 
swept  supersonic  model,  however,  the  suction  losses  appeared  to  differ 
somewhat  from  the  calculated  values,  and  this  led  to  the  belief  that 
the  spanwise  flow  that  inevitably  occurs  in  swept  slots  may  have  a  signif- 
cant  effect  on  the  slot  losses.  Since  future  experiments  include  sweeps 
as  high  as  72  degrees,  an  analysis  of  the  influence  of  spanwise  flow  on 
slot  losses  was  made  and  the  results  are  reported  herein. 

Also,  in  the  past  it  has  been  conventional  to  disregard 
the  dynamic  energy  (kinetic  energy)  in  the  suction  layer  air.  This  has 
been  a  reasonable  procedure  for  straight  or  slightly  swept  wings  since 
the  suction  flow  rates  and  dynamic  energy  are  low  for  such  wings.  For 
highly  swept  wi.-^js,  however,  the  suction  layer  thicknesses  are  necessarily 
relatively  large  Cvimpared  to  the  boundary  layer  thickness.  This  is  a 
direct  result  of  the  requirement  that  the  crossflow  profiles  be  limited 
(for  laminar  stability)  to  a  given  maximum  Reynolds  number.  Cr.  a  highly 
swept  wing  at  high  speed  the  limiting  crossflow  Reynolds  number  will  be 
excessive  unless  the  boundary  layer  is  maintained  relatively  thin  by 
means  of  strong  suction.  When  the  suction  layer  thickness  is  large  com¬ 
pared  to  the  boundary  layer  thickness  (as  in  the  case  of  strong  suction), 
the  dynamic  energy  of  the  sucked  layer  cannot  be  ignored.  In  fact,  if 
the  spanwise  component  of  this  dynamic  energy  could  be  considered  negli¬ 
gible,  there  would  be  no  need  to  be  concerned  about  the  spanwise  flow 
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(C) 


Introduction  (Continued) 


within  the  slot.  The  influence  of  the  suction  layer  energy  on  the  slot 
losses  is  included,  therefore,  in  the  analysis  of  the  swept  slot  losses. 

(D)  A  Qualitative  Look  at  the  Influence  of  Spanwise  Flow  in 
a  Slot 


•  • 


Just  as  there  are  no  spanwise  pressure  gradients  on  an 
infinite  swept  wing,  it  is  also  assumed  that  there  are  no  spanwise  pres¬ 
sure  gradients  for  a  long  swept  slot.  Then  all  velocity  changes  for  the 
spanwi se  flow  are  functions  only  of  the  skin  friction  and  are  independent 
of  pressure  gradients.  The  chordwise  flow,  on  the  other  hand,  may  be 
treated  very  nearly  the  same  as  strictly  two-dimensional  flow;  that  is, 
the  relation  between  the  perpendicular  component  of  the  friction  forces, 
the  pressure  gradients  and  the  chordwise  velocity  changes  are  somewhat 
similar  to  those  for  slots  without  spanwise  flow.  Also,  the  continuity 
equation  is  valid  for  this  component  of  the  flow.  The  spanwise  flow 
does  have  one  influence  on  the  chordwise  flow,  however,  and  this  is  be¬ 
cause  the  dissipation  of  spanwise  flow  results  in  a  temperature  rise 
which  in  turn  influences  the  density  of  the  chordwise  flow.  For  this 
reason,  and  only  this  reason,  the  spanwise  flow  component  may  influence 
the  slot  losses.  To  put  this  another  way,  the  perpendicular  component 
of  flow  for  a  swept  slot  may  be  considered  to  be  strictly  two-dimensional 
flow  with  heat  transfer.  In  this  case  the  quantity  of  heat  transferred 
is  a  function  of  the  spanwise  flow  dissipation. 

An  important  parameter  for  two-dimensional  channel  loss 
calculations  has  always  been  a  =  ‘'■x'u/uw^  and,  for  compressible  flow, 
is  more  conveniently  written  in  the  form 


a  =  4x'p,„/wmj.  (1) 

where: 

x'  =  length  of  channel  (slot  skin  thickness) 

=  viscosity  coefficient  at  wall 
m^  =  mass  flow  rate /unit  slot  span 
w  =  channel  (slot)  width. 


When  a  slot  is  swept,  the  spanwise  component  results  in 
the  air  taking  a  longer  path  (x')  along  the  slot  walls  in  a  diagonal 
direction,  and  one  might  wonder  whether  or  not  this  would  modify  the  value 
of  a.  The  answer  is  that  a  does  not  change  since  the  term  m^  (mass  flow 
rete/unit  length  normal  to  flow  direction)  changes  in  proportion  to  the 
path  length  (parallel  to  the  flow  direction).  One  can  conclude,  therefore, 
that  a  is  independent  of  spanwise  flow  due  to  sweep  and  may  be  defined 
by  Eq.  (1)  whether  the  slot  is  perpendicular  to  or  swept  relative  to  the 
freestream  direction.  For  compressible  flow  the  pressure  drop  through  a 
slot  is  a  unique  function  of  a,  and  when  the  flow  is  two-dimensional  and 
compressible,  the  flow  is  then  a  unique  function  of  a  and  inlet  Mach 
number.  For  the  swept  slot  we  have  an  additional  correction  due  to  density 
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(D)  A  Qualitative  Look  at  the  Influence  of  Spanwise  Flow  in 
a  Slot  (Continued) 


changes  caused  by  conversion  of  the  spanwise  kinetic  energy  to  internal 
energy.  The  amount  of  energy  converted  is  a  function  of  spanwise  kinetic 
energy  at  the  inlet  and  of  a  so  that  the  pressure  drop  is  still  primarily 
a  function  of  <j. 


The  problem  of  calculating  losses  for  swept  slots, 
therefore,  seems  to  narrow  down  to  calculation  of  the  spanwise  energy 
that  is  converted  to  heat,  and  to  treat  the  slot  as  though  it  were  a 
two-dimensional  slot  in  which  this  heat  is  transferred  to  the  two- 
dimensional  flow.  The  overall  flow  for  both  velocity  components  combined 
is  still  adiabatic  relative  to  its  surroundings  (assuming  insulated 
walls).  When  the  perpendicular  flow  is  treated  as  an  Isolated  two-dimen¬ 
sional  flow,  however,  the  influence  of  the  spanwise  flow  on  the  density 
must  be  treated  as  a  heat  addend. 

(E)  Outline  of  Calculation 


The  proposed  method  for  calculation  of  the  slot  losses 
for  a  swept  slot  is  somewhat  involved,  but  basically  it  can  be  said  to 
follow  the  procedure  below. 


(1)  The  boundary  layer  profiles  are  plotted  for  the 
region  of  the  suction  layer,  and  the  spanwise  and  perpendicular  velocity 
distributions  are  approximated  by  a  uniformly  varying  velocity,  i.e.,  a 
triangular- shaped  profile.  Also,  the  temperature  variation  is  approxi¬ 
mated  by  a  straight  line  resulting  in  a  trapezoidal-shaped  profile. 

These  profiles  are  determined  for  the  nondimen sional  form  of  the  variables 
employed  in  reference  45  since  the  z-coordinate  (distance  perpendicular 
to  the  surface)  incorporates  a  density  factor  that  simplifies  the  analysis. 
These  nondimensional  quantities  are  included  in  the  output  of  the  Norair 
boundary  layer  calculation  program. 


(2)  The  momentum,  kinetic  energy,  and  thermal  energy 
are  then  determined  for  each  streamline  in  the  simulated  suction  layer, 
and  the  overall  averages  are  found  by  weighing  the  specific  values  by 
the  local  mass  flow  rate  in  the  perpendicular  direction.  It  is  in  this 
process  that  the  use  of  the  nondimensional  variables  excels  over  the  use 
of  the  dimensional  ones. 


(3)  The  losses  in  the  total  pressure  (based  on  the 
perpendicular  component)  are  estimated  as  the  air  flows  into  the  slot 
entrance,  and  the  slot  entry  conditions  are  then  determined  on  the 
assumption  that  the  velocity  distribution  is  uniform  at  the  slot  entrance. 
This  latter  assumption  is  consistent  with  the  assumption  that  a  slot  can 
be  treated  as  a  two-dimensional  channel. 

(4)  The  losses  and  other  flow  characteristics  are 
then  calculated  at  the  end  of  the  inlet  length  (station  e.  Fig.  159) 
where  the  boundary  layer  for  the  perpendicular  flow  just  fills  the  slot. 
The  profile  at  station  e  is  assumed  parabolic  in  shape,  and  calculations 
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(D)  A  Qualitative  Look  at  the  Influence  of  Spanwise  Flow  in 

a  Slct  (Continued) 

are  accomplished  by  employing  one- dimensional  relations  along  the  center 
streamline.  The  growth  of  the  perpendicular  component  of  the  boundary 
layer  in  this  inlet  length  causes  a  contraction  of  this  center  streamline 
due  to  the  increased  boundary  layer  displacement  thickness.  The  spanwise 
component  of  flow  has  only  a  small  influence  on  this  displacement  thick¬ 
ness  until  the  boundary  layer  for  this  latter  component  fills  the  slot. 

In  paragraph  (M)  it  is  shown  that  the  entry  length  for  the  spanwise  com¬ 
ponent  of  flow  is  slightly  shorter  than  the  entry  length  for  the  perpen¬ 
dicular  component.  For  the  region  between  the  two  entry  lengths  a  small 
heat  transfer  to  the  perpendicular  component  of  flow  must  be  considered 
due  to  spanwise  velocity  dissipation. 

(5)  The  calculation  is  completed  by  assuming  a  one¬ 
dimensional  polytropic  process  for  the  center  streamline  from  station  e 
to  station  2  at  the  slot  exit.  In  this  region  both  the  spanvise  and  c  - 
perpendicular  profiles  are  assumed  parabolic  in  shape.  The  magnitude  of 
the  spanwise  component  of  velocity  decreases  logarithmically  due  to  the 
friction  forces.  This  results  in  a  temperature  rise  and  correspondingly 
lower  denbity.  Accordingly,  the  chordwlse  velocity  must  (in  order  to 
satisfy  continuity)  gradually  increase.  It  is  only  through  this  reduc¬ 
tion  of  the  air  density  that  the  spanwise  component  of  flow  has  any  influ¬ 
ence  on  the  losses  in  this  region. 

(F)  Calculation  Procedure 

The  calculation  procedure  employs  not  only  the  usual 
nondlmenslonal  quantities  but  also  the  more  unusual  nondlmenslonal 
quantities  Incorporated  In  the  Noralr  boundary  layer  calculation  program. 
These  latter  quantities  are  described  briefly  In  paragraph  (I)  and  In 
more  detail  In  reference  45.  The  reader  should  familiarize  himself  with 
these  quantities  before  proceeding.  Derivation  of  roost  of  the  relations 
dealing  specifically  with  swept  slot  losses  are  given  In  the  remainder 
of  the  paragraph  appendices,  and  the  reader  may  wish  to  refer  to  these 
frequently.  A  copy  of  reference  117  or  a  similar  set  of  tables  would 
also  be  helpful  In  following  the  calculation  procedure. 

Constants 

Constants  here  refer  to  Items  which  are  constant  for  a 
given  configuration,  scale,  freestrearo  Mach  number  and  wing  Reynolds 
number.  Beginning,  then,  with  the  following  knowns, 

'^st*  ^o^^o*  ^c»  M'st 

one  may  calculate  (see  Fig.  159  for  locations  of  stations  denoted  by 
subscripts) : 

B  =  1  +  O.ZMq^  (3) 

T'  =  T'^/B  (4) 
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(F)  Calculation  Procedure  (Continued) 


a^  =^2402. 4 

Qi  =  Mi  ai 

M-o  =  list  *  198.6)/[(T;  +  198.6) 
(Sutherland's  formula) 


je/(U'/V') 
o  o 

n  r5/2 
Po  ® 

r'  T't/Qi 

Tst/B 


(30 

(6) 

(7) 


(8) 

(9) 

(10) 

(11) 

(12) 


Frequently  used  combinations  of  constants  are  given  below: 

C*  =  12. Oc/^ 

C*  =  o'  Q' 

4  '^  o  ^o 

c*  =  C4i/y^ 

The  following  factors  may  or  may  not  be  constant,  depending  whether  or 
not  the  factor  k£  is  constant.  This  factor  is  set  equal  to  the  estimated 
ratio  of  equivalent  finite  slot  suction  to  the  continuous  suction  inten¬ 
sity  used  in  the  boundary  layer  calculation. 


(13) 

(14) 

(15) 


C*  =  kf/6f  (16) 

C*  =  kf/(12y^)  (17) 

Variables  Tabulated  in  the  Norair  Boundary  Laver  Calculation  Program 


At  a  specific  slot  location  the  results  of  the  boundary 
layer  calculation  provide  values  for  the  following  variables: 

I*,  f,  f*.  t„,  T,  P,  U*.  U,  V,  n,  s,  z,  z*.  t 

where  these  variables  are  described  briefly  in  the  Notation  or  in  para¬ 
graph  (I),  or  in  coiqilete  detail  in  reference  45. 


Selected  Variables 


The  slot  configuration  must  be  selected  in  order  to 
complete  the  calculation  of  the  losses.  The  items  of  concern  are  listed 
below. 
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(F)  Calculation  Procedure  (Continued) 


w  or  -  the  slot  width 

X2  “  the  slot  skin  thickness 

A”  -  the  slot  spacing  in  inches  (measured  in  direction 
perpendicular  to  the  slot  length) 

The  Suction  Laver  Characteristics 

The  suction  layer  characteristics  are  calculated  for  triangu¬ 
lar-shaped  profiles  which  approximate  the  real  profiles.  The  real  u  and 
V  profiles  may  be  determined  from  the  following  relations  [see  Eq.  (106) 
and  (107)]: 


u  =  sU  - 

nV 

(18) 

V  =  sV  + 

nU 

(19) 

The  simplest  procedure  is  to  plot  sU  and  nV  versus  z  and  to 
subtract  graphically  to  obtain  the  u  profile.  Then  the  hyperbola  re¬ 
presenting  a  constant  value  for  the  product  UgZg  is  plotted  on  the  same 
axes  (Fig.  160).  The  value  of  this  product  is  given  by: 


u  z  =-C*A"fl)/F* 
s  s  o 


[see  Eq.  (116)] 


(20) 


A  straight  line  is  then  drawn  from  the  origin  to  the  hyperbola 
in  such  a  manner  that  the  straight  line  approximates  the  real  u  component 
of  the  profile  as  nearly  as  possible.  In  particular,  the  line  is  chosen 
so  that  the  value  of  Zg  is  identical  for  the  triangular  and  the  real 
profiles.  The  method  of  doing  this  is  described  in  paragraph  ( J) .  The 
temperature  profile  and  the  variation  of  z*  are  also  plotted  versus  z. 

The  temperature  variation  is  then  simulated  by  a  straight  line  passing 
through  t^^  at  z  =  0  (see  Fig.  160).  Then  at  Zs  one  can  read 


t  ,  z*.  s  U,  n  V 
s  s’  s’  s 

Once  these  items  are  determined,  it  is  possible  to  calculate  the  remaining 
unknowns  at  the  outer  edge  of  the  suction  layer. 


Vg  =  SgU(V/U)  +  ngV(U/V)  (21) 

qg  =  +  u|  (22) 

At  =  tg  =  t„  (23) 

z'  =  C*z*  (24) 

s  Is 

The  significant  average  one-dimensional  characteristics  are 
derived  in  paragraph  (J)  and  are  summarized  below: 

t^  =  t„  +  2At/3  (25) 
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(F)  Calculation  Procedure  (Continued) 

=  qV/l^  ^26) 

ta  =  ti  +  Ki  (27) 

(reference  117)  (28) 

“r  =  -C*C*f*A"  (29) 

r  3  4  o 


The  next  major  step  is  to  determine  the  characteristics  at 
station  i  at  the  slot  inlet  where  the  velocity  is  assumed  uniform.  To 
accomplish  this  the  slot  entry  losses  must  be  estimated.  For  this  pur¬ 
pose  a  three-step  process  is  assumed  with  the  two  intermediate  stations 
r  and  f  representing  the  boundaries  between  the  steps  (see  Fig.  159). 

The  work  chart  for  the  flow  into  the  slot  is  shown  in  Fig.  164.  The 
characteristics  of  such  a  chart  are  described  in  paragraph  (L)  and  inspec¬ 
tion  of  this  chart  may  be  helpful  in  visualizing  the  calculation  of  the 
losses  upstream  of  the  slot  entrance. 

It  is  customary  to  assume  that  the  velocity  distribution  is 
uniform  across  the  slot  at  the  slot  inlet.  Then,  between  stations  £,  and 
r  the  mixing  losses,  which  occur  as  a  result  of  conversion  from  a  trian¬ 
gular  profile  to  a  rectangular  one,  are  calculated.  For  this  step  the 
momentum  flow  rate  (mq),  the  total  nondimensional  temperature  (tg^),  and 
the  pressure  coefficient  (P)  are  assumed  constant.  From  equation  (128) 
it  is  noted  that  the  unit  momentum  is  given  by 

niq/nir  =  2q^/3  =  q|.  (30) 

This  must  equal  q^  because  the  unit  momentum  (which  is  constant  between 
stations  1  and  r)  is  equal  to  the  velocity  when  the  velocity  is  uniform. 
Then  for  station  r 


‘'r 

=  K^(q^/q^)2  =  8Kj/9 

(31) 

tr 

=  ta  - 

(32) 

z' 

r 

=  m^/PrU;  =  m^t^/Pu^QC^; 

(33) 

•'ur 

=  K]-(us/qs) 

(34) 

"ur 

=  ‘^ur/^ 

(35) 

Mur 

~y/^^ur 

(36) 

H  /P 
ur 

=  (1  +  J  )^*^ 
ur 

(37) 

(up/a^v)^ 

=  M^r/(1  ♦ 

(38) 

w*/z^ 

=  1.728Mur/<l  +  Jur> 

(39) 

^vr 

=  tr  +  Kyj. 

(40) 
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(F)  Calculation  Procedure  (Continued) 

Kvr  =  -  Kur 

From  stations  r  to  the  slot  entry  and  turning  losses  are 
established  by  a  recovery  factor  r^  which  may  be  defined  as  follows: 

rf  =  -  P)/(Hur  -  P)  (^2) 

Then,  after  r£  has  been  selected  (by  experience  or  as  suggested  in  the 
Discussion),  one  may  calculate  a  new  total  pressure  for  station  1. 


H 


Ml 


/P  =  1  +  [(Hy^/P)  -  1]  r£ 


(43) 


It  should  be  noted  that  the  total  pressure  Hy  is  altered  by  the  assumed 
loss  and  that  this  Hy  is  the  pressure  resulting  from  complete  isentropic 
diffusion  of  only  the  u-component  of  velocity.  The  spanwise  component  of 
velocity  Vj.  is  assumed  unaltered  between  stations  r  and  I  so  that  tyj-  = 
tyjj.  Also,  by  assumption,  Pj^  =  P  and  one  may  then  calculate  the  charac¬ 
teristics  at  station  I  as  follows: 


(44) 

-  5 

(45) 

(46) 

u£/ur  =\/(u^/av)^/(Ur/avj.)^ 

(47) 

^ji^Pr  ~  ^ by j./t^) / ( tyy/t^) 

(48) 

z;/zj  =  (P£/Pr^(u^/U^) 

(49) 

v*/z'  =  1.728M  Jit  /t  J 
£  ui  vr  £ 

(50) 

z' /w.  =  (z' /w  ) /(z* /z' ) 
lx  r  i  Vi 

(51) 

=  Kur(u£/Ur)^ 

(52) 

An  isentropic  flow  is  assumed  from  station  I  to  station  i  with 
no  change  in  the  spanwise  flow.  Then 


Hui  =  Hu£ 


w*/w.  =  (w*/z' )(z'/w,- ) 
^  I  i  ^ 


(53) 

(54) 


can  be  obtained  from  the  relation  given  below  or  from  tables  or  charts. 
A  method  of  solving  this  equation  on  digital  computers  is  given  in  the 
Discussion. 


1.728My^/(l  ♦  0.2mJj)3  =  w*/w£ 


(55) 


(F)  Calculation  Procedure  (Continued) 


(u^/avi)^  =  Mul/^l  +  ^56) 

(vi/Ui)2  =  ^58) 

The  next  step  is  the  calculation  of  the  losses  at  the  end  of 
Inlet  length  of  the  slot.  For  a  two-dimensional  slot  such  a  calculation 
would  be  straightforward  since  the  characteristics  of  the  flow  can  be  cal¬ 
culated  along  the  center  streamline  which  follows  an  isentroplc  flow  path 
by  definition  of  the  inlet  length.  As  explained  in  pareigraph  (0),  however, 
the  boundary  layer  for  a  spanwlse  flow  in  a  slot  fills  the  slot  at  a  point 
upstream  of  the  two-dimensional  inlet  length.  Downstream  of  this  point 
the  center  streamline  flow  cannot  be  considered  isentroplc  if  the  slot  is 
swept.  To  facilitate  the  computation  the  flow  between  stations  1  and  e 
is  considered  to  take  place  in  two  steps  (Fig.  159).  The  first  step, 
from  1  to  the  psuedo  station  d,  is  assumed  to  be  isentroplc.  Then,  from 
stations  d  to  e,  a  constant  pressure  energy  conversion  is  assumed  to  take 
place  which  very  nearly  corrects  for  any  error  due  to  the  assumption  of 
Isentroplc  flow. 


In  paragraph  (0)  it  is  pointed  out  that  the  calculation  is 
not  easily  performed  from  stations  1  to  e,  but  that  it  is  readily  made  from 
e  to  1.  The  results  of  a  series  of  these  reverse  calculations  are  shown 
in  Fig.  161  together  with  an  empirical  equation  which  simulates  the  data 
quite  nicely.  Either  the  chart  or  the  equation  can  be  used  to  determine 
the  ratio  (Ug/^)^  once  the  initial  conditions  (vi/u^)^  and  w*/Wj[  are 
established.  The  choice  of  paths  (isentroplc  from  1  to  d  and  constant 
pressure  from  d  to  e)  results  in  the  following  relations: 


Vd  =  Vjj  =  Vi 

“e  =  “d 
®vi  “  ®vd 

Pe  =  Pd 
«ud=  «ui 
Cyd  “  ^vr/*-a 
Cui  = 

^ue  “  ^ud  "  ^uitUg/Uil^ 
^d  =  Cud  +  Cvd 
td/ta  =  1  -  Cd 
'^ud  “  Cue/(td/';a) 


(59) 

(60) 
(61) 
(62) 

(63) 

(64) 

(65) 

(66) 

(67) 

(68) 
(69) 
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(F)  Calculation  Procedure  (Continued) 


The  suction  air  passing  through  slots  is  generally  metered 
by  holes  located  just  downstream  of  slot  chambers  in  the  suction  system. 

The  losses  through  these  holes  are  unaffected  by  the  sweep  of  a  slot  so 
that  conventional  means  may  be  used  to  calculate  these  hole  losses. 

Since  the  calculation  of  the  losses  through  a  swept  slot  is  unconventional, 
however,  the  reader  may  find  that  the  relations  given  in  the  succeeding 
text  are  useful  for  continuing  with  the  hole  loss  calculations. 
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(G)  Calculation  of  Metering  Hole  Dimensions  (Continued) 


Generally,  it  is  desired  to  obtain  a  certain  suction  mass 
flow  rate  for  a  given  increment  of  pressure  ratio  (P3/P)  through  the 
slots  and  holes  combined.  If  station  3  represents  the  conditions  at  the 
hole  exit,  we  may  write  for  the  pressure  ratio  across  the  holes 

P3/P2  =  (P3/P)/(P2/P3).  (86) 

A  second  parameter  which  may  be  calculated  immediately  is 


Ou  =  TT 


^3 

V  mr 


(87) 


where  is  the  hole  skin  thickness  and  y  is  the  hole  spacing  along  the 
span.  X3  and  y  are  in  the  same  units. 

Then  from  Fig.  l62  one  may  obtain  graphically  the  value  of 
mj^  which  corresponds  to  the  given  values  of  and  P3/P2*  This  chart  was 
constructed  from  the  results  of  hole  losses  which  were  determined  by  the 
method  proposed  in  reference  123.  The  parameter  is  a  mass  flow  ratio 
and  is  defined  as  follows: 

"h  “  Y^r/Pah^a^  ^88^ 

where  A  =  the  area  of  the  hole.  Then 

A  =  Ytir/pahaamh  =  Y™r  Po^o^  ]  ^®9) 

whence  one  can  find  the  hole  area  corresponding  to  the  required  mass  flow 
and  pressure  drop. 

(H)  Discussion 


The  proposed  method  for  calculating  the  losses  through  a 
swept  slot  is  rather  lengthy  in  comparison  to  the  usual  methods  employed 
to  calculate  unswept  slot  losses.  There  must  be  justification,  therefore, 
for  including  the  influence  of  sweep.  Although  experience  with  swept 
slots  is  limited,  calculations  have  been  made  for  some  slots  swept  at  an 
angle  of  72.5  degrees.  Results  of  such  calculations  for  a  swept  slot  are 
given  in  Table  Xll  for  two  different  recovery  factors.  For  the  high  suction 
quantities  required  for  this  sweep  angle  it  is  clear  that  the  recovery 
of  the  dynamic  energy  in  the  suction  layer  can  be  quite  significant.  As 
seen  from  the  table  the  swept  slot  method  of  calculation  was  also  used  to 
calculate  the  losses  for  a  nearly  straight  slot  (swept  less  than  ona 
degree).  An  additional  calculation  for  an  unswept  slot  was  made  using 
the  method  of  Groth  (reference  123).  It  is  seen  that  the  results  for  the 
two  unswept  slots  compare  favorably  with  each  other.  Also,  the  signifi¬ 
cance  of  the  spanwise  compovient  of  flow  (compare  the  swept  and  unswept 
slot  calculations  for  rf  =  0.0001)  is  seen  to  be  of  sufficient  magnitude 
(22  percent  increase  in  losses  for  the  example)  so  that  it  cannot  be 
neglected.  This  is  true  even  when  the  slot  losses  are  rather  small,  as 
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(H)  Discussion  (Continued) 

in  the  example.  As  the  slot  velocity  increases,  the  effect  of  the  span- 
wise  flow  becomes  more  significant  and  might  even  lead  to  choking.  It 
seems  worthwhile,  therefore,  to  consider  the  effect  of  spanwise  flow 
even  though  the  calculation  is  then  somewhat  more  lengthy. 


For  the  72,5-degree  slot  the  major  portion  of  the  calcula¬ 
tions  was  performed  on  an  automatic  computer.  Experience  with  this 
program  is  limited,  but,  for  the  calculations  made  to  date,  the  program 
has  proved  to  be  quite  satisfactory.  The  iterative  process  for  deter¬ 
mining  the  ratio  P2'^^e  described  in  paragraph  (L)  converged  rapidly. 
Another  iterative  process  was  used  to  determine  the  value  of  M^i  from 
the  ratio  w^/w*.  This  process  also  converged  rapidly  and  was  programmed 
as  follows: 


(1) 

Set  =  0.5787w*/wj^ 

(90) 

(2) 

Set  M2  =  M. 

(91) 

(3) 

Calculate  M^^  =  M^(l  +  O.2M2) 

(92) 

(4) 

Set  M2  -  Myj^ 

(93) 

Then  steps  3  and  4  are  repeated  about  five  times.  Convergence  will  occur 
for  values  of  <  0.65,  and  Myj  should  not  exceed  this  value  or  choking 
of  the  slot  is  probable. 


The  program  is  also  set  up  on  the  assumption  that  Aa  will 
be  positive.  Generally,  Aa  will  be  positive,  but  it  should  be  noted  that 
adjustments  must  be  made  if  Aa  should  become  negative.  Such  adjustments 
have  not  been  considered  in  developing  the  calculation  program  since  the 
problem  has  not  arisen  in  any  of  the  calculations  made  in  the  past. 


A  means  for  selecting  a  realistic  value  for  rj  has  not  been 
established,  and  much  experience  will  be  required  to  be  able  to  select 
accurate  values  for  this  factor.  In  most  slot  loss  calculation  methods, 
including  the  one  presented  by  Groth  in  reference  123,  rj  is  assumed 
equal  to  zero.  In  the  past  this  had  been  a  good  assumption.  For  large 
suction  intensities,  such  as  may  be  employed  on  highly  swept  wings,  a 
portion  of  the  kinetic  energy  in  the  suction  layer  is  undoubtedly  re¬ 
coverable,  and  the  choice  of  Vf  becomes  important.  Until  additional 
information  is  available  it  is  suggested  that  r£  be  set  equal  to  1.0  as 
a  first  try.  If  the  resulting  value  of  z^/w^  s  1.0,  the  results  may  be 
considered  acceptable.  If,  however,  the  calculated  value  of  zj^/wj^  <  1.0, 
then  the  recovery  factor  should  be  progressively  reduced  until  the  value 
of  z|/w.  equals  unity.  The  assumption  employed  here  is  that  the  entry 
losses  for  a  contracting  flow  are  negligible,  whereas  losses  are  high  when 
the  suction  layer  is  forced  to  diffuse  as  it  flows  into  the  slot.  In 
order  to  reduce  disturbances  in  the  laminar  layer  on  the  wing  surface, 
however,  slot  widths  should  be  chosen  so  that  diffusion  of  the  suction 
layer  is  minimized.  Often,  however,  a  compromise  must  be  made  (partic¬ 
ularly  on  small  supersonic  test  models^  either  because  the  losses  in 
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(H)  Discussion  (Continued) 


I 


\9 

I 


narrow  slots  become  excessive  or  because  there  is  a  minimum  size  slot  that 
can  be  machined  with  present  techniques.  When  such  a  compromise  must  be 
made,  the  selection  of  may  be  done  as  suggested  previously. 

It  has  already  been  noted  above  that  Muf  should  not  exceed 
0.65.  Experience  with  supersonic  straight  or  moderately  swept  suction 
models  has  indicated  that,  perhaps,  the  Mach  number  at  the  outer  edge  of 
the  suction  layer  also  has  a  limitation  of  about  0.65.  For  swept  slots 
it  is  assumed  that  this  Mach  number  limitation  applies  only  to  the  per¬ 
pendicular  component  of  velocity.  The  spanwise  velocity  may  have  no 
limit,  just  as  it  has  no  limit  for  infinitely  long  swept  wings  with  a 
subcritical  perpendicular  component  of  velocity.  The  conditions  are 
identical  for  the  two  cases  in  that  there  are  no  pressure  gradients  in 
the  spanwise  direction.  The  only  Mach  number  of  significance  for  a  swept 
wing  is  due  to  the  perpendicular, component  of  velocity,  and  a  similar 
assumption  is  made  for  the  swept  slot.  It  should  be  pointed  out,  however, 
that  even  though  no  physical  limit  is  recognized  for  the  spanwise  Mach 
number,  the  accuracy  of  the  calculation  program  depends  on  certain  simpli¬ 
fications  such  as  the  limitation  of  the  number  of  terms  used  in  the  various 
equations  of  paragraph  (K).  Some  sacrifice  of  accuracy  must  be  expected, 
therefore,  when  the  spanwise  flow  causes  resultant  Mach  numbers  well  in 
excess  of  1.0. 


(1)  Appendix- -Nondlmensional  Variables  Employed  in  Calculation 
of  Swept  Slots 

The  calculation  of  the  slot  losses  generally  utilizes  the 
results  of  a  boundary  layer  calculation.  At  Norair  most  laminar  flow 
boundary  layer  calculations  incorporate  the  method  set  forth  by  Raetz 
(reference  45)  so  that  it  is  convenient  to  employ  many  of  the  nondimen- 
slonal  working  variables  used  in  this  method.  These  variables  are  given 
below,  together  with  some  additional  quantities  used  to  calculate  the 
slot  losses.  It  will  be  noted  that  when  a  quantity  is  used  in  both  the 
nondlmensional  and  the  dimensional  versions,  the  nondlmensional  symbol 
Is  usually  denoted  by  an  unprlmed  English  alphabetic  symbol  and  the 
dimensional  version  of  the  same  variable  may  be  denoted  by  either  the  same 
symbol  after  it  has  been  primed  or  by  a  Greek  letter.  Also,  in  general, 
capital  letters  are  used  to  denote  potential  flow  values  and  lower  case 
letters  to  denote  values  within  the  boundary  layer.  Ratios  of  dimensional 
and  nondlmensional  quantities  are  often  identical. 


The  Temperature  and  Kinetic  Energy  Relations 

The  energy  equation  may  be  written 


C  t*  =  C  t' 

pa  p*" 


and,  dividing  by  Cp 


(Qi) 


♦  (q')^/2 
2 

— ,  one  obtains 


Illi-r't'  ,  r'(q»)^  r't* 

■  (q.)2  2  Cp((i')2  "  (Q^)^  tIq'I  iQil 


(94) 
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(95) 


*For  those  not  familiar  with  reference  45,  the  principal  coordinate  (in 
the  U  direction)  is  which  is  so  selected  that  dx'/d|  is  exactly  pro¬ 
portional  to  §  at  I  =  0  and  nearly  proportional  to  F  near  the  point  |  =  0. 
"*  then  is  exactly  equal  to  ^  near  §  =  0  and  may  be  any  convenient  function 
of  the  coordinates  elsewhere.  If  a  method  other  than  that  of  reference  45 
is  used  to  calculate  the  boundary  layer,  f/  may  be  considered  equal  to  ^ 
and  I  may  be  set  equal  to  /i  where  V  is  the  distance  along  the  surface 
from  the  stagnation  point  measured  in  the  perpendicular  direction. 
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(1)  Appendix — Nondimensional  Variables  Employed  in  Calculation 
of  Swept  Slots  (Continued) 

The  Suction  Variables 


Two  of  the  suction  parameters  used  in  the  boundary  layer 
calculation  are  also  employed  .in  the  calculation  of  slot  losses: 

f  =  |*R^/2p^f'/(pgU')  (102) 

^  (103) 

The  Velocity  Components 


Tlie  nondimensional  velocity  components  of  interest  for  the 
slot  losses  are  those  perpendicular  to  the  slot  U,  u  and  those  parallel 
to  the  slot  length  V,  v.  The  capitals  denote  the  value  at  the  outer 
edge  of  the  boundary  layer,  and  the  lower  case  letters  denote  the  area 
within  the  boundary  layer.  The  corresponding  resultant  nondimensional 
velocities  are  1.0  and  q.  If  primed  quantities  denote  dimensional  values, 
then  the  nondimensional  values  given  above  are  defined  as  follows: 


U  =  U'/Q' 
V  =  V'/Q' 
1.0  =  Q'/Q' 
Q  =  Q'/Cii 


u  =  u'/Q' 
V  =  v'  /Q' 

q  =  q'/Q' 
U*  =  U'/Q^ 


(104) 


The  printed  output  of  the  Norair  boundary  layer  calculation, 
however,  is  generally  given  in  terms  of  s  and  n,  the  local  streamwise  and 
normal  components,  respectively.  If  (}*  is  the  reference  local  potential 
velocity, 


s  =  s'/Q'  n  =  n'/Q'  (105) 

The  components  are  converted  to  v  and  u  as  follows: 


u  =  sU  - 

nV 

(106) 

V  =  nU  + 

sV 

(107) 
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(J)  Appendix--Characterlstlcs  of  a  Triangular  Profile 


In  the  calculation  of  the  swept  slot  losses  the  velocity 
distribution  in  the  suction  layer  is  assumed  to  be  triangular.  Also,  the 
temperature  profile  is  assumed  trapezoidal.  The  constants  for  these  ap¬ 
proximate  profiles  are  determined  by  plotting  the  actual  profile  components 
in  nondimensional  form  and  then  approximating  these  profiles  by  straight 
lines  within  the  suction  layers. 

The  components  in  which  one  is  interested  are  u  and  v,  and 
these  may  be  determined  from  the  calculated  streamwise  and  normal  compo¬ 
nents  as  follows: 

u  =  sU  -  nV  (108) 

V  =  sV  +  nU  (109) 


To  determine  the  constants  for  the  approximate  triangular 
profiles,  sU  and  nV  are  plotted  as  functions  of  z.  The  graphical  dif¬ 
ference  is  equal  to  u  and  this  is  also  plotted  as  a  function  of  z.  In 
order  to  determine  the  thickness  of  the  suction  layer  it  is  necessary  to 
calculate  the  mass  flow  rate  per  unit  span  along  the  slot  length. 

""r  -Pwkff'A'  =  -p5kffA'U'/|*/R  (110) 

where  A'  =  slot  spacing  in  the  perpendicular  direction 

k£  =  ratio  of  average  suction  velocity  required  for 

finite  slots  to  simulate  the  calculated  continuous 
suction  velocity. 

The  mass  flow  rate  may  also  be  written  in  terms  of  the  nondimensional 
quantities  for  a  triangular  profile. 


~  J  ^pu'dz'  (111) 


o 

u'  =  uQ'  =  UgQ'z/Zg 

(112) 

- 1/2 

pdz'  =  b*fp,R  dz  (by  definition  of  z) 

(113) 

'd4‘  =  |*fpjUgQ'zdz/(Zs x/r) 

,  (114) 

m^  =  p.Q'UgZg  r  ^(z/zs)d(z/zs) 

(115) 

o 


The  integral  is  equal  to  0.5.  Substituting  equation  (110)  for  m^  and 
solving  for  UgZg,  one  obtains 

UgZs  =  -2k£fUA'/(i§*^)  (116) 

Fig.  160  shows  the  relation  between  the  boundary  layer  profile  and  the 
curve  Us  versus  Zg.  Of  course,  the  latter  is  a  hyperbola  and  iepresents 
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(J)  Appendix--Characteristlcs  of  a  Triangular  Profile  (Continued) 


the  loci  of  points  at  the  outer  edge  of  a  triangular  profile  that  would 
give  the  desired  suction.  The  triangular  profile  that  simulates  the  real 
profile  is  given  by  a  straight  line  passing  through  the  origin  and  termi¬ 
nating  on  the  hyperbola.  The  slope  of  this  line  is  chosen  in  such  a  man¬ 
ner  that  it  approximates  the  actual  profile  as  closely  as  possible;  in 
particular,  the  height  of  the  suction  layer  should  be  the  same  for  the 
real  and  triangular  profiles.  The  values  of  Zg  and  Ug  at  the  selected 
terminal  point  are  the  values  which  are  sought.  The  corresponding  span- 
wise  component  Vg  is  determined  from  the  interpolated  values  of  SgU  and 
ngV  at  the  height  Zg. 

Vg  =  ngV(U/V)  +  SsU(V/U)  (117) 

The  resultant  velocity  at  the  outer  edge  of  the  boundary  layer  is  given 
by 

qg  =  '/ug  +  Vg  (118) 

Then,  the  three  triangular  velocity  variations  are  given  by 

u  =  Ug(z/zs)  V  =  Vg(z/zs)  q  =  qs(z/zs)  (119) 


The  temperature  profile  is  approximated  by  a  straight  line 
t„  and  matching  the  real  profile  as  closely  as 
possible.  The  minimum  value  (t 
boundary  layer  temperature  is  then  given  by 


passing  through  the  point  i.„ 


The  minimum  value  (t^)  is  read  for  the  height  Zg,  and  the  local 


t  =  t^  +  (tg  -  ty,)z/Zg 


(120) 


or 


t'/t^  =  t/t„  =  1  +  (At/t„)z/Zj.  (121) 

In  addition,  it  is  necessary  to  determine  z*.  This  may  be  done  by  plotting 
z*  as  a  function  of  z  and  Interpolating  at  Zg.  The  value  of  z*  is  also 
tabulated  as  part  of  the  output  of  the  Norair  boundary  layer  calculation 
program.  If  this  program  is  not  used,  z*  may  be  calculated  from  the  de¬ 
finitions  of  z*  and  z. 

The  momentum  flow  rate  (m^)  for  the  perpendicular  triangular 
profile  in  the  suction  layer  is  given  by 

m^i  =J  ®p(u')^dz'  «  ?*Jtp5Q'usZ5R  (z/Zg)^d(z/Zg)  (122) 

o  o 

and  the  integral  is  equal  to  one-third.  Then  the  momentum  per  unit  mass, 
which  will  also  be  called  the  unit  momentum,  becomes 

m^/rn^  =  2ug(J'/3  =  2u^/3  (123) 
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(J)  Appendix*-Characteristics  of  a  Triangular  Profile  (Continued) 


In  like  manner  the  kinetic  energy  flow  (ni^2^  unit  mass  can  be  calcu¬ 
lated 

"'u2^™r  ~  (0«5/mj.)J  ®p(u')^dz'  =  Ug(Q')^/A  =  (Ug)^/A  (12A) 

o 

The  unit  momentum  and  energy  flow  rates  for  the  v  and  q  dire- 
tions  are  determined  in  the  same  way,  bearing  in  mind  that  they  are  always 
referenced  to  the  mass  flow  rate  in  the  perpendicular  (u)  direction.  In 


this  manner  one  obtains  (for  the  triangular  profile): 
z  * 

r  s  -i/2rl  2 

m^  =J  pu'dz  =  5*J^P{|Q'usVsZs^  /  (z/Zg)  dlz/Zg)  (125) 

o  o 

m^/m^  =  2VgQ'/3  =  2v^/3  (126) 

rav2/mr  =  Vg((J')^/A  =  (v;)^/A  (127) 

mq/mr  =  2qgQ'/3  =  2q^/3  (128) 

mq2/rar  =  qg(Q')^/A  =  (q^^/A  (129) 

The  thermal  energy  flow  rate  (mj-)  is  determined  from 
z  * 

n't  =  CpJ  t' pu'dz'  (138) 

o 

-1/2  f  ^ 

"  J  [1  +  (At/t„)](z/Zg)d(z/Zs)  (139) 

o 

J  =  0.5  +  At/3t„  (lAO) 

o 

mf/nir  =  2At/3t„)  (lAl) 

and  the  tot  .1  energy  per  unit  mass  is 

2At/3t„)  +  (q')2/A  (1A2) 

2 

Dividing  the  energy  terms  by  the  factor  C  ((^^)  /r'  in  order  to  obtain  th 
nondimensional  form  [see  paragraph  (I)]: 

t^  =  t„(l  +  2At/3t„)  +  q^2/i4  (^43^ 
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(K)  Appendix--RelatiQns  for  a  Compressible  Parabolic  Profile 
with  Constant  Total  Temperature 


The  Velocity  Distribution 


(K)  Appenaix-“Relations  for  a  Compressible  Parabolic  Profile 
with  Constant  Total  Temperature  (Continued) 


The  Pressure  Distribution 


In  conventional  manner,  the  pressure  distribution  is  assumed 
constant  across  the  channel  or  slot. 

The  Temperature  Distribution 


The  nondimensional  energy  equation  has  been  shown  to  be 


[paragraph  (1)]: 

ta=tx+qxQ^/7  (148) 

2 

Dividing  this  equation  by  t^^  transposing,  remembering  qjjQ  /7ta  =  Cx  and 

V^x  = 

t'/t^  =  t/tx  =  [1  -  qxQ^d  -  d^)^/7t^]t^/tj^  (149) 

=  [1  -  Cx(l  -  d^)^]ta/tj^  (150) 

=  [1  -  Cxd  -  d^)2]/(l  -  Cjj)  (151) 

The  Density  Distribution 


Since  the  pressure  is  constant  through  the  boundary  layer, 
the  density  is  inversely  proportional  to  the  temperature. 

P'/Px  "  P^Px  =  "  ^x^l  "  ^152) 

But  this  expression  is  awkward  when  it  is  used  as  a  multiplier  for  the 
integrations  below,  and  a  more  convenient  relation  results  when  the 
density  ratio  is  expanded  in  a  series. 

p/p^  =  (1  -  Cj^)[l  +  Cxd  -  d2)2  +  c^i  .  d^)^  (153) 

3  2  6 

+  C^d  -  d  )  +....] 

These  first  four  terms  are  adequate  when  the  flow  is  less  than  sonic. 


The  Mass  Flow  Rate 


The  rass  flow  rate  that  is  of  interest  is  the  one  in  the 
chordwise  or  perpendicular  direction  and  is  measured  per  unit  slot  span. 

Wi/2  1 


rriv 


=  2^  pu'd(Wj_d/2)  =  Px^iw^  (p/px)(u/Ux)d(d)  (154) 


=  Px“x”i^^  ■  ^x^/^  ^  ^xd  - 

+  C^d  -  +  C^d  -  d^)^]d(d)  (155) 
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(K)  Appendix — Relations  for  a  Compressible  Parabolic  Profile 
with  Constant  Total  Temperature  (Continued) 


m,.  = 


PjjU^Wid  -  C^) [0.6667  +  0.457lAC^  +  0.36939C 
+  0.31810C^] 


(156) 

(157) 


The  term  w^^  is  equal  to  w^  less  the  two  displacement  thicknesses;  i.e., 
it  is  equal  to  the  effective  width  of  the  slot.  The  effective  width 
ratio  w^/wi  is  plotted  as  a  function  of  Cj^  in  Fig.  163.  It  will  be  noted 
that  the  ratio  w^^/w^  is  closely  represented  by  the  relation 


”x^”i  —  0*6667  -  0.218Cjj. 


(158) 


Flow  Rate  of  Spanwise  Momentum 


The  spanwise  momentum  is  based  on  the  spanwise  velocity  as 
indicated  by  its  name,  but  the  mass  flow  rate  that  is  of  interest  is  in 
the  perpendicular  direction  and  is  based  on  the  u  component  of  velocity. 


^  -  J  v'dmr  =  pxuj;vj^  (p/Pj^)(u/Ujj)(v/Vjj)d(wid/2)  (159) 

o  6 

=  p  u'v'w.d  -  C  [d  -  d2)2  +  (1  .  d2)^C  +...)]d(d)  (160) 

XXXI.  J  X 

o 


The  integral  is  given  by 

J  =  0.53333  +  0.40635Cj,  +  0.34093C^  +  0.29919C^  (161) 

o 

and  the  unit  spanwise  momentum  becomes 

=  vj5(0. 53333  +  0.40635Cj^  +  ...) /(0. 66667+  0.457140^^+...) 

(162) 


The  momentum  factor  k  is  plotted  in  Fig.  163  as  a  function 
of  Cj^.  Inspection  of  the  figure  indicates  that  the  variation  is  small  and 
that  it  can  be  considered  nearly  constant  as  given  below 


K 


mv 


0.80. 


(163) 
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(L)  Appendix — Slot  Losses  Downstream  of  the  Perpendicular  Inlet 
Length 

Pressure  Drop  Along  Slot  Centerline 

2 

As  derived  in  paragraph  (N),  d  F^/dy'dx'  =  8|j,^(v^/w^) .  In 
a  similar  manner,  we  can  show  that 


d'^F„/dy'dx'  =  -Su  u'/w. 
W  ■'  ^w  X  1 


(164) 


where  is  the  local  centerline  velocity  and  w,.  is  the  slot  width,  and 
this  is  exactly  equal  to  the  portion  of  the  buoyancy  force  which  compen¬ 
sates  for  the  friction  force,  namely: 


d^F^^/dy'dx'  =  WidP'/dx'. 

Equating  the  friction  force  to  this  portion  of  the  buoyancy  force 


(165) 


-Su,  u'/w.  =  w.dP'/dx' 

•^w  X  1  1 


(166) 


dP'  =  -(8p.„u^/wj^)dx' 


(166) 


This  can  be  shown  to  be  equivalent  to _ the  incompressible  case 
in  which  we  know  that  u^  =  constant  and  2AP'/p(ui)^  =  6Ag.  This  is  done 
by  dividing  both  sides  of  equation  (166)  by  p(up^/2  where  u'  is  the  velo¬ 
city  at  the  slot  inlet. 


d[2P'/p(up^]  =  -  [I6p,^u^/p(u|)^j]dx' 


(167) 


Since  uj  =  20^/3  (incompressible  flow),  a  =  4u^x ' /mj.Wj^ ,  and  m^.  =  p^ujw^, 
this  becomes,  after  integration. 


2AP'/p(u5)^  =  -6Aa 


Q.E.D. 


(168) 


Returning  to  the  compressible  case,  one  may  multiply  and 
divide  equation  (166)  by  the  mass  flow  rate  m^.. 


dP'  =  -(2m^ui/w,- )dG 


(169) 


It  is  possible  to  reduce  this  problem  to  a  one-dimensional  one  by  con¬ 
sidering  the  velocity  and  density  of  only  the  center  streamline,  i.e., 
by  restricting  the  calculation  to  the  centerline  flow.  When  this  is 
done,  one  may  write 


nir  “  Px^x”x 


(170) 


where  Wj^  is  the  effective  slot  width  at  station  x  [see  paragraph  (K)]. 

-dP'  =  2p  (u')^(w  /w  )da  (171) 


XX  XI 
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(L)  Appendix — Slot  Losses  Downstream  of  the  Perpendicular  Inlet 
Length  (Continued) 

Evaluation  of  the  Work  Terms  per  Unit  Mass 


Dividing  equation  (171)  by  and  integrating,  one  obtains 
the  portion  of  the  buoyancy  work  per  unit  mass  (work  due  to  motion  of  a 
finite  volume  along  a  pressure  gradient)  that  compensates  for  the  fric¬ 
tion  work. 

-f(l/p  )(dP'/dx')dx'  =  -f(l/p  )dP' 

A  j  ^  yi  yi 

1  1 


°2 

=  4^  (Wjj/Wi)  [(u^)  /21da 


(172) 


In  order  to  evaluate  the  righthand  integral  easily,  it  is  assumed  that 
w^/w^  is  substantially  constant  at  its  initial  value,  w  /w..  This  is  a 
reasonable  assumption  downstream  of  the  5.nlet  length,  fhe^kinetic  energy 
term  (u^^/2)  is  assumed  to  vary  linearly  with  o.  Then,  if  A(u')^/2  is  the 
total  change  in  (u^)^/2  between  stations  e  and  2,  we  may  write 

(u^)^/2  =  (u4)^/2  +  (a  -  ae)A(ui)^/2Ao 


Then, 


the  work  per  unit  mass  for  the  center  streamline  is  given  by 


-j'(l/p^)(dP^)  =  (Wg/w.)AoC2(u;)^  +  A(u')^] 

where 


(173) 


Ao  =  02  -  o^ 

and  the  tag  "1"  on  the  integral  sign  denotes  the  portion  buoyancy  work 
which  offsets  friction  work  downstream  of  the  inlet  length.  The  incre¬ 
ment  in  kinetic  energy  along  the  center  streamline  is  primarily  a  result 
of  the  change  in  density,  which  will  decrease  due  to  conversion  of  span- 
wise  kinetic  energy  into  heat  for  all  streeunlines  including  the  center 
streamline.  Although  the  resultant  centerline  flow  is  considered  adiabatic 
in  regard  to  heat  exchange  across  streamlines,  this  same  flow  cannot  be 
considered  adiabatic  when  the  perpendicular  components  of  the  flow  are 
considered  alone.  These  perpendicular  components  can  be  treated  sepa¬ 
rately  only  when  the  spanwise  velocity  dissipation  is  included  as  a  heat 
addend.  The  effect  of  this  heat  appears  as  a  density  reduction  so  that 
the  chordwise  velocity  must  increase  in  order  to  satisfy  continuity.  An 
additional  buoyancy  force  is  necessary  to  produce  the  required  acceleration, 
and  the  corresponding  additional  buoyancy  work  is 

f(l/p^)dP^  =  -A(u')2/2  =  [(u^)2  -  (u^)2]/2  (174) 

V 

where  the  tag  "y"  denotes  an  isentropic  portion  of  work  due  to  buoyancy 
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combined  with  motion.  Then  the  total  buoyancy  work  is  the  sum  of  equations 
(173)  and  (174),  When  these  terms  are  nondimensionalized  by  dividing  by 
(u')^/2,  one  obtains 

I  =  -t2/(u4)2]j|(l/p^)dPi  .  J (l/p^)dPi 

=  4Aa(Wg/w^)  +  [2Aa(Wg/Wj^)  +  1]  Alu/u^)^ 

=  h  +  gA(u/Ug)2  (175) 

In  addition  to  buoyancy  work  there  is  a  piston  or  expansion 
work  which  is  denoted 

/p^dCl/p^) 


The  Work  Chart 


The  relation  between  the  different  portions  of  work  is  shown 
in  Fig,  165,  where  the  buoyancy  work  (due  to  pressure  gradient)  is  plotted 
versus  the  piston  work  (due  to  expansion  or  contraction). 


In  the  figure  isothermic  lines  have  a  slope  of  -1.0  and  each 
such  line  corresponds  to  a  unique  temperature.  Also,  since  the  total 
temperature  is  assumed  constant,  these  isothermic  lines  represent  constant 
values  of  resultant  kinetic  energy  per  unit  mass  [(q')^/2]  which  can  be 
determined  from  the  energy  equation  (94),  and  increments  in  kinetic  energy 
are  given  by 


A(q')2/2  =  CpAt'  =  3.5RAt' 

=  3.5[/p4d(l/p,)]^^„^^^„,  (176) 

Since  there  is  no  spanwise  pressure  gradient,  there  is  no 
buoyancy  work  associated  with  the  reduction  of  spanwise  kinetic  energy. 

The  work  that  is  associated  with  the  spanwise  kinetic  energy  loss,  there¬ 
fore,  must  be  expansion  work  of  the  type  Jp^d(l/pjj),  and  this  appears  as 

o 

a  horizontal  line  in  the  Work  Chart  (Fig.  l65).  The  tag  *'o"  on  the  inte¬ 
gral  denotes  the  slope  of  the  path  on  the  diagram.  This  work  is  real  in 
that  it  is  the  work  performed  by  each  unit  of  mass  on  the  surrounding  air. 
It  is  not  useful  work,  however,  since  there  are  no  moving  boundaries. 

There  is  no  velocity  change  connected  with  the 

1 

term  so  that  this  portion  of  the  process  is  isothermic  and,  therefore,  has 
a  slope  of  -1. 
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The  work  terms  which  bring  about  the  change  in  chordwise 
velocity  have  a  slope  of  -y  since  this  process  is  isentropic;  that  is, 
all  pressure  work  in  this  process  is  converted  to  change  in  kinetic 
energy.  The  choice  of  integral  tags  ”1"  and  *'y''  now  becomes  apparent, 
since  they  represent  the  negative  of  the  slopes  of  the  paths  on  the  work 
diagram. 

The  Polvtropic  Process 


Then,  the  work  increments  and  velocity  changes  between  any 
two  points  on  the  Work  Chart  are  easily  found,  but  such  a  diagram  tells 
one  nothing  of  the  pressure  and  density  changes  at  such  points,  for  these 
latter  variables  will  have  values  depending  on  the  paths  taken  between 
the  two  points.  For  the  purpose  of  our  present  calculation  a  polytropic 
path  will  be  assumed  between  the  end  of  the  inlet  length  (station  e)  and 
the  slot  exit  (station  2).  For  such  a  polytropic  process  one  may  write 


PePe’"  =  ^2P2’" 


(177) 


where  n  is  the  negative  of  the  slope 
two  stations  in  Fig,  165.  Also,  for 
work  is  given  by 


p' 
n  e 

" 

‘■1 

(P2\"'^‘ 

J  Px 

n-1  Pe 

<Pe/ 

of  the  straight  line  connecting  the 
a  polytropic  process,  the  buoyancy 

(178) 


The  omission  of  a  subscript  for  the  integral  here  denotes  that  that  total 
value  is  considered.  This  equation  can  be  nondiraensionalized  by  dividing 
by  the  kinetic  energy  at  the  end  of  the  inlet  length,  (Ug)^/2.  Also, 
noting  that 


2pi 

e 


(u4)' 


Pe 


2r't' 

e 


2C  t' 
pe 


3.5(u')^ 

e 


1 

3-5Jue 


(179) 


one  obtains 
I  = 


2  rdP; 

(u4)2j  Px  (n-l)3.5Jyg 


(ISO) 


Inspection  of  Fig.  165  shows  that  the  negative  of  the  slope  of  the  pnly- 
tropic  path  is  given  by 


(181) 


When  it  is  noted  that  the  isothermal  designated  t^  in  Fig, 
slope  of  -1.0,  it  is  seen  that  one  may  substitute  -A 

Jp^dl 1/p^) ,  Dividing  top  and  bottom  by  (u^)^/2 


»i'>’es 


163  has  a 
+  A(q' )^/7  for 
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I  .2,2 

n  =  - 2  where  A  l-^\  =  a/^]  (182) 

I  2^/_g_\  We/  W;/ 

’  7  luj 


n  _  1  _ 

1-1 


1  •  n  i  A  (3-) 
\Ue/ 


(183) 


Next,  from  equations  (180)  and  (183),  one  may  derive 

l/(l-n) 


Pe/P2  = 


(184) 


where : 

9  2  2 

A(q/Ug)^  =  A(v/Ue)  +  Alu/Ug)  (185) 

Also, 

(U2/Ug)^  =  1  +  A(u/Ug)^  (186) 

and  from  the  approximate  expression  for  w  /w.  [equation  (158)1 

3C  X 

W2/Wi  =  Wg/w^  +  Aw/w^ 

=  Wg/w.  +  (0.66667  -  O.2I8C2)  -  (0.66667  -  0.2180^)  (187) 

=  Wg/w^  -  0.218(C2  -  Cg)  =  Wg/w.  -  0.2l8Aq^/(2Cptg) 

and 

wn/w^  =  1  -  0.218A(q')V/(2C  t'w  ) 

^  e  i  p  a  e 

=  1  -  bA(q/Ug)^ 

where 

b  =  0.218Wi(u4)^(2Cpt;Wg)  =  0.218C^^g(wj/Wg)  (189) 

Continuity  provides  a  final  equation 

P2U2W2/(pgUgWg)  =  P2W2  >/  1  +  A(u/Ug)y(pgWg)  =  1.0  (190) 

Squaring  and  solving  for  A(u/Ug)^  results  in 

A(u/Ug)^  =  [(pg/p2)^/(w2/Wg)^]  -  1  (191) 
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Summary  of  Known s 

At  station  e  (end  of  the  chordwise  inlet  length)  one  knows, 
or  assumes,  the  following  variables: 


Qg  =  0.12  [equation  (211)] 


Aa  =  -  a 

2  e 

h  =  4(w  /w  )Aa 
e  i 

g  =  2(Wg/w^)Ao+l 


equation  (l75) 


Jue  ■  \e  [equation  (98)] 

2 

Cue  =  (ug/aa)  /5  [equation  (97)] 

b  =  0.218C^gW£/We  [equation  (189)] 
2  -5.0Aa 

A(v/v  )  =  e  -1  [equation  (228)] 

G 

A(v/u^)^  =  A(v/Vg)^(Vg/Ug)^ 


(192) 


(193) 


Working  Equations 

9  2  2 

A(q/u„)^  =  A(v/Ug)  +  A(u/Ug) 


I  =  h  +  gA(u/Ug)' 


A(u/Ug)^ 


I/[l-(2/7)A(q/Ue)^] 

[1-J  A(q/u  )2Tl/(l-n) 
ue  e 

[(Pe/P2>/[l-bA(q/u^)^] 


2 


1 


(194) 

(195) 

(196) 

(197) 

(198) 


These  simultaneous  equations  are  solved  easily  for  large 
sw|ep  angles  by  first  assigning  a  value  of  A(u/Ug)^  and  then  calculating 
Aq  IvLq,  n,  Pg/p2>  end  A(u/Ug)^  in  that  order.  Then  a  recalculation  is 

performed  using  the  new  value  of  A(u/Ug)  .  Convergence  occurs  rapidly 
for  lar^e  sweep  angles  even  if  zero  is  initially  assigned  to  the  value  of 
A(u/Ug)'^.  Convergence  has  not  been  checked  for  other  sweep  angles  so 
that  a  different  procedure  may  be  necessary  if  the  sweep  angle  is  changed. 


Once  the  density  ratio  is  established,  the  pressure  ratio  is 
easily  found  from  the  polytropic  relation: 

=  ^Pe/P2^’"  ^199) 
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The  inlet  length  of  a  slot  is  defined  as  the  length  of  the  slot 
required  before  the  boundary  layer  extends  completely  across  the  slot. 

In  the  two-dimensional  slot  with  no  spanwise  velocity  component  there  is 
a  negative  pressure  gradient  along  the  flow  direction  which  is  directly 
related  to  the  centerline  velocity.  This  gradient  tends  to  accelerate 
the  boundary  layer  air  and,  therefore,  to  extend  the  inlet  length.  The 
spanwise  component  of  velocity  which  results  when  the  slot  is  swept  is 
not  aided  by  spanwise  pressure  gradients  so  that  the  inlet  length  is 
shorter  than  it  would  be  with  a  favorable  pressure  gradient.  This  inlet 
length  is  estimated  below  from  known  incompressible  characteristics  (see 
reference  73). 


For  any  station  along  the  inlet  length  the  kinetic  energy 
flow  rate  for  incompressible  flow  is  given  by  the  summation  of  the  energy 
flow  rates  in  the  two  boundary  layers  plus  that  in  the  isentropic  core. 

In  the  boundary  layers 

'"u26  ^  d(d)  =  (l6/35)p(u^)^6  (200) 

o 

where  6  =  boundary  layer  thickness  and  d  =  l-2z'/Wj^. 

In  the  isentropic  core 

'"u2c  =  0.5p(ui)^(Wi  -  26)  (201) 

And  the  total  kinetic  energy  flow  rate  is 

'"u2x  ^  0*5p(u^)\[l  -  (19/35)(26/w^)]  (202) 

The  mass  flow  rate  mj.  is  equal  to  pUji^wj  so  that  the  unit  energy  flow  rate 
is 

my2x/n>r  =  0. 5(u^) ^(u^/u^)  [l  -  ( 19/35) ( 26/Wi )  ]  (203) 

The  displacement  thickness  of  the  boundary  layer  is  6/3  for 
a  parabolic  profile.  Also,  the  center  streamline  is  isentropic  in  the 
inlet  length  so  that  one  may  write 

Ux/Ui  =  w^/w.  =  w^/(w^  -  26/3)  (204) 


or 


26/w^  =  3(1  -  u^/Uj^)  (205) 

Substituting  this  value  in  equation  (203),  one  obtains 

'"u2x^"'r  '  0.5(ui)^(ux/Ui)  [l  -  1.62857(1  -  Ui/u^)] 

=  0.5(u^)^  [1  +  0.62857(1  -  u^/Ui)] 


(206) 
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This  is  the  total  unit  energy  flow  rate.  One  can  subtract  the  portion  of 
the  energy  change  due  to  the  buoyancy  work  and  obtain  the  friction  work. 
The  unit  buoyancy  work  to  any  station  is  (uj^)"^/2  and  when  this  quantity 
is  subtracted  from  equation  (207)  the  friction  work  is  seen  to  be 

Wf  =  -0.62857(1  -  Ux/Ui)(ui)^/2  (207) 


or 


2Wf/(u«)^  =  -0.62857(1  -  Ux/Ui)(Ux/Ui)^  (208) 

The  velocity  ratios  in  the  equation  above  can  be  represented 
approximately  by  the  expressions  given  below.  These  empirical  representa¬ 
tions  were  obtained  by  plotting  the  information  given  in  reference  73  on 
log-log  graph  paper  and  approximating  the  curves  with  straight  lines.  The 
expression  obtained  for  the  velocity  ratio  may  also  be  used  to  obtain  the 
corresponding  inlet  length  since  it  may  be  solved  for  Ux/ui  =  1.5  which 
is  the  value  at  the  end  of  the  inlet  length. 


(209) 

(210) 

(211) 

Then  approximately 

2W£/(uj^)^  =  -0.62857(1  ♦  3.6084a°’^)(1.28a°‘^^^^)  (2i2) 

and  the  differential  with  respect  to  a  is 


0.4435 


Ux/Ui  =  1  +  1.28a 

(Uj^/u^)^  =  1  +  3.6084a°*^ 

Og  =  0.12  (when  u^/u^  =  1.5) 


d[2W^/(u!)^]da  =  -2.7392o"°*°^^^  -  0.35683a"°*^^^^  (213) 

It  is  now  desired  to  find  a  similar  differential  that  can 
be  used  for  the  spanwise  flow,  but  such  a  differential  should  be  based  on 
the  local  velocity  and  a  modified  value  of  o,  namely  Oy,  which  is  defined 
as  4^^x/pu^Wj^.  Note  that  this  is  based  on  the  local  rather  than  the  in¬ 
let  velocity.  Then 

d-u  ~  (Ux/u£)do  (214) 

d[2Wj-/(u')^]/dc^^  =  (u£/Uj^)d[2W£/(u[)2]/da  (215) 


=  -(2.73920 


-0.0565 


+  0.35683t 


■0.5565 


)/(l  +  1.28c 


0.4435 


This  differential  may  now  be  averaged  over  the  inlet  length  by  integrating 
with  respect  to  c  and  dividing  by  0.12  (the  inlet  length  c).  This  has 
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been  done  graphically  and  the  average  value  was  found  to  be  -4.335.  It 
is  assumed  that  a  similar  avereige  value  is  appropriate  for  the  spanwise 
flow.  Then 

{d[2Wf/(vp2]/dav}  =  -4.335  (216) 


where  =  constant,  and  the  subscript  m  denotes  the  average  value 

in  the  inlet  length. 


The  unit  kinetic  energy  lost  in  the  inlet  length  (for  the 
spanwise  flow)  equals  the  spanwise  friction  work  and  is  given  by 

AWf  =  -4.335Aav(vp^/2  =  0.3l43(vp^/2  (217) 

where  the  second  equality  is  simply  the  energy  deficit  in  the  parabolic 
profile.  Solving  for  Aoy  one  obtains 


Aoy  =  0.726 


(218) 


But  the  reference  parameter  used  in  the  calculation  of  the  slot  losses  is 
o,  which  is  based  on  the  perpendicular  component  of  flow.  It  is  desirable, 
therefore,  to  determine  the  value  of  Aoy  in  terms  of  a.  This  may  be  done 
as  follows: 


4M^dx'pv|w^^ 

pu[w^^4g,^dy' 


v|dx' 

u|dy' 


viui  ui  Ux 


u'v' 


u: 


(219) 


Substituting  equation  (209)  for  u^/uj  and  integrating 


-Aov  fO(ji 

=  j  da^=J  [1/(1 


+  1.28a 


0.4435 


)]da  2!  0.0974 


(220) 


The  integration  was  carried  out  graphically.  It  is  seen,  then,  that  for 
incompressible  flow  Aoy  will  occur  when  oj  =  0.0974.  It  is  clear  that 
the  spanwise  boundary  layer  fills  the  slot  upstream  of  the  point  where 
the  chordwise  boundary  layer  fills  the  slot;  i.e.,  the  spanwise  inlet 
length  is  indeed  shorter  than  the  chordwise  inlet  length  (based  on  the 
perpendicular  distance  from  the  inlet). 


For  compressible  flow  these  values  of  o  at  the  end  of  the 
inlet  lengths  would  probably  increase  because  of  the  reduction  of  density 
and  consequent  additional  accelerati*^,  of  the  perpendicular  component  of 
velocity.  Then  the  inlet  length  woul'  be  different  for  each  inlet  Mach 
number  and  the  problem  of  calculating  tt.e  losses  becomes  very  complicated. 
It  is  convenient,  therefore,  to  assume  that  the  inlet  lengths  do  not  vary 
with  Mach  number  and  to  use  the  incompressible  values  calculated  above. 
This  assumption  is  justified  because  the  friction  forces  change  slowly 
near  the  end  of  the  inlet  length  and  are  essentially  the  same  as  the 
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friction  forces  just  downstream  of  the  inlet  length.  Then  a  large  change 
in  the  value  assumed  for  the  inlet  length  causes  only  a  small  change  in 
the  calculated  losses  for  the  slot.  Since  the  inlet  length  is  not  critical, 
and  since  considerable  simplification  results  when  constant  values  are 
assumed,  the  incompressible  values  calculated  may  be  assumed  to  be  appli¬ 
cable  for  all  Mach  numbers  in  the  calculation  of  the  compressible  flow 
losses  for  swept  slots. 


(N)  Appendix--Reduction  of  Spanwise  Velocity  Downstream  of  the 
Inlet  Length 


Since  there  is  no  pressure  gradient  for  the  spanwise  component 
of  velocity,  the  reduction  of  velocity  is  directly  related  to  the  skin 
friction.  Then,  from  the  definition  of  p,,  one  may  write  for  a  slot 

d^Fy/dy'dx'  =  -2py(dv' /dz' (221) 

where  the  factor  2  results  from  the  fact  that  there  are  two  walls.  For 
the  assumed  parabolic  velocity  distribution  with  maximum  centerline 
velocity  v^  the  slope  at  the  wall  is 


(dv'  /dz'  =  4v^/Wj^ 


(222) 


The  rate  of  change  of  momentum  per  unit  slot  spa 
extending  to  the  slot  centerlines  may  be  shown  t 


for  boundary  layers 
be 


d^m^/dt*dy'  =  paragraph  (K)  ] 


(223) 


where 


m^  =  mass  flow  rate  in  the  perpendicular  direction 
kjjjy  =  ratio  of  average  momentum  velocity  to  v' 
x'  =  distance  through  slot  (perpendicular  direction) 
t*  =  time 


Equating  the  rate  of  change  of  momentum  to  the  friction  force  per  unit 
area 


-8p,  v'  /w.  = 


w  x 


m  k  dv' /dx' 
r  mv  X 


(224) 


or 

and,  after  integrating  between  the  end  of  the  inlet  (station  e)  and  the 
slot  exit  (station  2),  one  obtains 
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In(vyv^)  =  =  -2Aa/k^v  ^^26) 

where  is  the  difference  between  the  exit  and  inlet  length  a's.  The 
momentum  factor  kjjj^  is  given  in  paragraph  (K)  where  it  is  noted  that  it 
is  approximately  equal  to  0.80.  With  this  approximation 

ln(v^/vp  =  2.5Aa  (227) 

or 

(v  /v  )^  =  (v'/v')^  =  =  1  +  A(v/v  )^  (228) 

2  e  2  e  e 

(O)  Appendix — Calculation  of  Losses  in  the  Inlet  Length  for 
Perpendicular  Flow 

The  inlet  length  of  a  slot  (two-dimensional  channel)  is 
defined  as  the  distance  along  the  flow  direction  which  is  required  before 
the  boundary  layer  extends  from  wall  to  wall.  For  the  extent  of  this 
length  the  center  streamline  flow  is  isentropic  for  two-dimensional  flow. 
For  a  swept  slot  the  inlet  length  will  be  defined  in  a  similar  manner; 
namely,  the  perpendicular  distance  between  the  slot  inlet  and  the  loci  of 
points  where  the  boundary  layer  for  the  component  of  velocity  under  con¬ 
sideration  just  begins  to  extend  from  wall  to  wall.  For  such  swept  slots, 
however,  the  inlet  length  for  the  spanwise  component  of  velocity  is  shorter 
than  the  inlet  length  for  the  perpendicular  component  of  velocity  (see 
paragraph  (M).  Downstream  of  the  inlet  length  for  the  spanwise  flow, 
therefore,  some  of  the  kinetic  energy  of  the  center  streamline  is  converted 
to  heat  so  that  the  center  streamline  flow  is  no  longer  isentropic  down¬ 
stream  of  this  point.  The  energy  conversion  is  small  along  this  difference 
in  inlet  lengths,  however,  so  that  it  is  convenient  to  perform  the  calcula¬ 
tion  in  two  parts  consisting  of  an  isentropic  step  from  station  i  to 
station  d  followed  by  a  heat  addition  at  constant  pressure  from  station  d 
to  e  (Figs.  159  &  165).  Only  a  negligible  error  is  introduced  by  this 
procedure  because  of  the  small  heat  addend. 

It  has  been  shown  in  paragraph  (M)  that  the  effective  channel 
width  for  a  parabolic  profile  (such  as  at  station  e)  is  a  function  of  the 
kinetic  energy  due  to  the  resultant  velocity.  On  the  other  hand,  the 
perpendicular  component  of  velocity  at  e  is  a  function  of  the  effective 
channel  width  ratio.  This  interrelation  makes  a  forward  solution  of  the 
problem  difficult.  However,  it  is  relatively  simple  to  assume  final  values 
of  Cg  and  (Vg/Ug)'^  and  then  to  work  forward  to  determine  what  combination 
of  inlet  variables  result  in  the  assumed  end  of  inlet  variables.  The  pro¬ 
cedure  begins  by  assuming  Cg  and  calculating  the  effective  channel  width 
ratio  from  Equations  (156)  and  (157). 

w  /w.  =  (1-C^)(0. 66667  +  C.457l4C^  +  0.36939C^^  +  0.31810C^^)  (229) 

c  1  c  0  0  0 

o 

Then  (Vg/Ug)^  is  assumed,  and  the  remaining  variables  at  station  e  are 
found. 


i 

I  fi 

I 


(0)  App^ndix-~Calculation  of  Losses  in  the  Inlet  Length  for 


Perpendicular  Flow 

(Continued) 

t  /t  =  1  -  C 

(230) 

e  a  e 

/2Cpt^  =  Cjjg  =  Cg/[l 

+  (ve/Ue)^] 

(231) 

Cve  =  Cg/[1  +  (Ug 

/Vg)  ]  =  Cjjg(vg/Ug) 

(232) 

In  paragraph  (M)  the  value  of  a  at  the  end  of  the  inlet 
length  for  spanwise  flow  is  shown  to  be  0.0974  [equation  (220)]  whereas 
the  a  at  the  inlet  length  for  the  perpendicular  flow  is  0.120  [equation 
(211)].  The  difference,  then,  is  Ao  =  0.0226.  Then  by  virtue  of  equa¬ 
tion  (228),  the  cox're spending  kinetic  energy  ratio  is 

^'^d'''^e^  ^  s:  1.12  (233) 


so  that 


=  1.12Cve  (234) 

Since  the  path  from  e  to  d  is  at  constant  pressure,  there  can  be  no 
change  in  u  for  the  center  streamline  (friction  is  eliminated  for  this 
streamline  since  the  boundary  layer  thickness  for  the  u  component  does 
not  yet  reach  the  centerline  of  the  slot). 


^ud  “  *^ue 
*^d  “  *^ue  *  *^vd 

^d^^a  “  ^  “  ^d 
Pe”e/Pd”d  =1-0 
and  at  constant  pressure 

d  e  "^e  '^d  da  e  a 


‘^ud  "  ^ud^^'^d^'^a^ 


M  ^  =  75. OJ  , 
ud  ^  ud 

w*/w,  =  1.728M  ,/(l  +  0.2M  ^^)^*° 
d  ud  ud 

~  /(I  +  '^^ud^ 

V*/W.  =  (W*/Wd)(Wd/Wg)(Wg/Wj^) 

=  1.728My./(l  +  0.2M^.^)3-° 
from  which  be  determined  as  well  as 

(Ui/avi)2  =  Mui^/d  +  0.2M^,i) 


Then, 


(235) 

(236) 

(237) 

(238) 

(239) 

(240) 

(241) 

(242) 

(243) 

(244) 

(245) 
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(0)  Appendix — Calculation  of  Losses  in  the  Inlet  Length  for 
Perpendicular  Flow  (Continued) 

and  since  a  =  a  , ,  u  =  u , ,  and  v  =  v  , 

VI  vd  e  d  id 

(u,/u  =  (u  /u  =  (w  /a  )^/(u./a  (246) 

d  1  e  1  d  av  i  av 

2 

Thus,  one  may  arrive  at  the  initial  conditions  w*/w^  and  (v^^/uj^)  that 
result  in  a  velocity  ratio  of  (Ug/u^)*".  A  series  of  such  calculations 
has  been  completed  and  after  some  crossplotting  and  interpolation  the 
results  shown  in  Fig.  161  were  obtained.  The  data  points  represent  the 
results  obtained  from  graphical  interpolation  of  the  calculated  results. 
The  lines  which  approximate  the  data  points  are  given  by  the  empirical 
equation  in  the  figure.  It  is  seen  that  these  lines  very  closely  repre¬ 
sent  the  calculated  values  of  (Ug^/u^^). 
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CHAPTER  E.  PRESSURE  DROP  IN  LAMINAR  FLOW  TUBES  WITH  COMPRESSIBLE  FLOW 


i  C' 


W,  Pfenninger 
K.  H.  Rogers 


(A)  Summary 

The  pressure  drop  for  laminar  flow  in  a  circular  tube  of  0.244- 
inch  inside  diameter  and  11.3-foot  length  was  measured  for  several  inlet  Mach 
numbers  Mq  at  different  reservoir  pressures  pj^.  The  pressure  ratio  p/p^  is 
presented  versus  the  nondimens ional  tube  length  x/RRj^  for  various  inlet  Mach 
numbers.  With  increasing  values  of  Mq  and  x/RR^  the  density  and  static  pres¬ 
sures  decreased  rapidly  until  choking  occurred  at  the  downstream  end  of  the 
test  tube  at  pressure  ratios  p/pj^  -  0,20  to  0,25,  These  pressure  ratios  at 
choking  are  considerably  lower  than  for  one -dimens ional  potential  flow  in  a 
tube.  Boundary  layer  measurements  at  the  downstream  end  of  the  test  tube  for 
choked  conditions  showed  supersonic  flow  in  the  center  and  subsonic  flow  toward 
the  wall  of  the  tube  with  an  average  Mach  number  of  approximately  one. 

The  highest  length  Reynolds  number  with  full  length  laminar  flow 
was  U^xg/Ug  =  26,1  X  10^  at  Mq  =  0,430, 

(B)  Notation 


P 

R 

Me 

U 

U. 


tube  length  measured  from  the  fictitious  inlet  where  the 
boundary  layer  thickness  is  zero 

absolute  static  pressure 

tube  radius 

kinematic  viscosity  at  tube  inlet 

Mach  number  at  tube  inlet 

potential  flow  velocity 

mean  velocity  at  tube  inlet 
TTqR 

®  - —  =  tube  Reynolds  number  at  tube  inlet  with  zero 
°  boundary  layer  thickness 


Indices 


o  fictitious  tube  inlet  where  the  boundary  layer  thickness 

is  zero 

k  inlet  reservoir,  with  the  air  at  rest 

5  station  of  first  static  pressure  orifice  in  test  tube 

E  end  of  test  tube 
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(C)  Introduction 


In  supersonic  low  drag  suction  airplanes  and  suction  models  for 
wind  tunnel  investigations  the  pressure  drop  through  the  components  of  the 
suction  ducting  system  can  be  a  relatively  large  percentage  of  the  absolute 
pressure.  The  flow  through  the  components  of  the  suction  ducting  system  (suc¬ 
tion  slots  and  holes,  ducts,  etc.)  must  then  be  treated  as  compressible,  and 
the  question  then  arises  as  to  the  pressure  drop  through  the  suction  slots, 
holes  and  ducts  for  compressible  flow. 

In  order  to  provide  data  for  the  compressible  laminar  pressure 
drop  in  suction  holes,  the  pressure  distribution  for  compressible  laminar  flow 
was  measured  along  the  inside  of  a  circular  tube  of  0.244-inch  inside  diameter 
and  11.3-foot  length  at  various  inlet  Mach  numbers  and  several  absolute 
pressures  pj^  in  the  inlet  reservoir. 

(D)  Experimental  Setup 

The  experimental  setup,  consisting  of  a  large  inlet  tube  of  4-inch 
inside  diameter  with  seven  damping  screens  (0.0035-inch  wire  diameter,  120  mesh 
size)  followed  by  a  long  inlet  nozzle  and  the  test  tube  of  0.244-inch  inside 
diameter  and  11.3-foot  length,  is  shown  in  Figure  166  .  The  inlet  tube  was 
connected  to  a  high-pressure  dry  air  supply.  The  air  was  removed  by  means  of 
a  pump  located  downstream  of  the  exit  reservoir  (Figure  166  ).  The  flow  rate 
through  the  tube  and  the  absolute  pressure  at  the  inlet  downstream  of  the 
screens  could  be  varied  over  a  wide  range. 


The  static  pressure  in  the  inlet  nozzle  and  in  the  test  tube  was 
measured  by  means  of  0.020-inch  diameter  static  pressure  orifices  connected  to 
a  bank  of  mercury  U-tube  manometers.  The  wall  temperature  was  measured  by  means 
of  thermocouples. 


Full  length  laminar  flow  was  maintained  at  pj^  =  0.8  atmosphere  up 
to  an  inlet  Mach  number  Mq  =  0.430,  corresponding  to  a  tube  length  Reynolds 

Uf,  •  Xp  6 

number  for  laminar  flow  . . — *=  26.1  x  10°.  The  highest  reservoir  pressure 


Pjj  with  full  length  laminar  flow  for  a  short  time  was  1.0  atmosphere.  Transi¬ 
tion  occurred,  however,  before  pressure  data  could  be  taken. 


The  pressure  ratio  p/pi^  (pj^  =  absolute  static  pressure  with  the 

flow  at  rest)  was  evaluated  at  various  stations  along  the  tube  for  different 
Mach  numbers  at  the  beginning  of  the  test  tube  and  for  several  reservoir 
static  pressures  pj^  (pj^  =  0.1  to  0.8  atmosphere).  The  mean  velocity  at  the 
fictitious  inlet  of  tin*  Lest  tube,  where  the  boundary  layer  thickness  is  zero, 
was  determined  from  the  pressure  drop  across  the  inlet  nozzle  and  from  a  noz¬ 
zle  calibration  obtained  during  previous  experiments  in  a  2-inch  inside 
diameter  tube  with  a  geometrically  similar  inlet  nozzle  shape.  Conipiessibility 
corrections  were  applied  to  the  nozzle  calibration  curves  of  Figure  167j^  which 
show,  for  various  Reynolds  numbers  Rjj  and  Mach  number  Mq,  the  ratio  115/11^  of 
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(E)  Measurements >  Evaluation  and  Experimental  Results  (Continued) 


the  potential  flow  velocity  U5  at  the  first  static  pressure  orifice  (number  5) 
in  the  test  tube  to  the  mean  velocity  at  the  tube  inlet,  where  the  boundary 
layer  thickness  is  zero.  Figure  168  shows  the  distance  from  the  first  static 
pressure  orifice  (number  5)  in  the  test  tube  to  the  fictitious  tube  inlet  of 


UoR 


zero  boundary  layer  thickness  for  various  Reynolds  numbers  R^  =  rjj —  (index  zero 
refers  to  condition  at  tube  inlet  with  zero  boundary  layer  thickness). 


According  to  theory,  for  a  given  inlet  Mach  number  Mq,  the  pres¬ 
sure  ratio  p/pk  is  a  function  of  the  nondimens  ion a 1  tube  length  x/RRg. 


In  Figures  169-  172  and  Table Xll  the  pressure  ratio  p/P|^  is  plotted 

X  *  Vq  y 

versus  the  nondimens ional  tube  length  =  — — -  for  various  inlet  Mach  numbers 

Mq  and  for  different  values  of  the  absolute  reservoir  pressure  p^  with  the  air 
at  rest. 


At  the  lower  inlet  Mach  numbers  M^  and  for  smaller  values  of 
x/RRp^  the  density  variation  along  the  tube  is  relatively  small  and  compres¬ 
sibility  effects  do  not  appreciably  affect  the  pressure  drop  in  the  tube.  At 
higher  values  of  1'^  and  x/RRp,  however,  the  density  and  static  pressure  p 

decreases  rapidly  in  dox^strean  direction  until  choking  occurs  at  the  down¬ 
stream  end  of  the  test  tube.  At  larger  nondimens ional  tube  lengths  choking 
was  observed  at  pressure  ratios  p/pp  -  0.2.  At  smaller  values  x/RRp  ^  0,04 
to  0.05  the  pressure  ratio  at  choking  was  p/pp  =5!  0,25  (Figures  173  and  174). 

The  values  of  x/RRp  at  choking  increase  considerably  with 
decreasing  inlet  Mach  numbers  Mq  (Figures  173  and  174). 

The  observed  pressure  ratios  at  choking  are  considerably  lower 
than  for  the  case  of  one-dimensional  potential  flow  in  a  tube.  Boundary  layer 
measurements  at  the  downstream  end  of  the  test  tube  for  choked  conditions 
showed  supersonic  flow  in  the  center  and  subsonic  flow  toward  the  wall  of  the 
tube.  The  average  Mach  number  at  the  tube  exit  was  then  approximately  M  1. 
Under  such  conditions  the  higher  Mach  number  in  the  center  of  the  tube  requires 
a  considerably  lower  pressure  for  choking  than  for  the  case  of  one-dimensional 
potential  flox^  in  a  tube. 
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TABLE  I 


SLOT  DIMENSIONS  AND  RAKE  HEIGHTS  OF  41"  CHORD  FLAT  PLATE  SUCTION  MODEL 


Slot  Dimensions 


Suction 

Chamber 

Location  of 
First  Slot 
(in) 

Location  of 
Last  Slot 
(in) 

Number  of 
Slots 

Slot 

Spacing 

(in) 

Slot 
Width 
(  in) 

Average 
Slot  Span 
(in) 

1 

2.00 

3.68 

5 

.42 

.0040 

14.36 

2 

4.11 

6.26 

6 

.43 

.0045 

13.68 

3 

6.70 

9.40 

7 

.45 

.0050 

12.84 

4 

9.90 

13.40 

8 

.50 

.0050 

11.80 

5 

13.90 

17.90 

9 

.50 

.0050 

10.57 

6 

18.40 

23.40 

11 

.50 

.0050 

9.12 

7 

23.95 

31.10 

14 

.55 

.0050 

7.20 

8 

31.65 

39.90 

16 

.55 

.0050 

o 

CO 

Rake  Heights 

(Average  values  during  period  of  testing) 


1 

.014 

in 

2 

.036 

in 

3 

.053 

in 

4 

.067 

in 

5 

.090 

in 

6 

.113 

in 

7 

.150 

in 

8 

.183 

in 

9 

.226 

in 

10 

.300 

in 

552. 


TABLE  II 


MEASURED  SUCTION  AND  DRAG 

COEFFICIENTS 

OF  41"  FLAT 

PLATE  SUCTION  MODEL 

M 

^ake 

10“^  R 

X 

10  Cyj. 

1°'’  CDs 

=D„ 

10^  Cqj. 

3.0 

40.19 

13.40 

2.897 

3.152 

3.279 

6.431 

19.17 

2.191 

2.283 

3.093 

5.376 

26.48 

2.176 

2.286 

2.316 

4.602 

3.5 

40.23 

21.91 

2.572 

2.850 

3.033 

5.883 

2.5 

40.16 

14.18 

2.465 

2.528 

3.025 

5.553 

14.08 

2.916 

3.019 

2.894 

5.913 

14.08 

3.778 

4.049 

2.571 

6.620 

19.32 

1.867 

1.923 

2.941 

4.864 

19.34 

2.083 

2.148 

2.625 

4.773 

19.31 

2.978 

3.159 

2.093 

5.252 

19.27 

3.527 

3.831 

2.119 

5.950 

19.23 

4.060 

4.583 

2.119 

6.702 

21.83 

2.052 

2.121 

2.734 

4.855 

21.73 

2.569 

2.682 

2.165 

4.847 

3.0 

23.69 

13.64 

2.558 

2.817 

2.519 

5.336 

31.38 

14.42 

2.397 

2.540 

2.688 

5.228 

14.53 

2.839 

3.100 

2.460 

5.560 

3.5 

31.38 

14.10 

2.590 

2.862 

3.944 

6.806 

14.10 

2.754 

3.068 

3.820 

6.888 

14.09 

3.329 

4.011 

2.990 

7.001 

16.87 

2.367 

2.609 

3.697 

6.306 

16.85 

2.597 

2.878 

3.144 

6.022 

16.92 

3.331 

4.027 

2.865 

6.892 

16.88 

3.367 

4.063 

2.352 

6.415 
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TABLE  III 


SLOT  LOCATIONS  AND  WIDTHS  OF  OGIVE  CYLINDER  SUCTION  MODEL 


Chamber  Slot  Location  (in.)  Slot  V/idth  (in.) 


4.5 

.0035 

5.0 

5.5 

6.0 

6.5 

7.0 

7.5 

8.0 

.0035 

8.5 

.0040 

9.0 

9.5 

10.0 

.0040 

10.5 

.0045 

11.0 

.0045 

11.5 

.0050 

12.0 

.0060 

12.5 

.0065 

13.0 

.0070 

13.5 

14.0 

14.5 

15.0 

.0070 

15.5 

.0070 

16.0 

16.5 

17.0 

17.5 

18.0 

18.5 

.0070 
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MODIFIED  36°  SWEPT 


26.70  30.30  0.012-0.014 


TABLE  V 


/V 

Cl* 

Incompressible 

v, 

Cl  J 

Modified 

Gothert 

correction 

Cl  J 

[Karman-Tslen 

'correction 

Cl' 

ClJ 

Sprelter-Alksne 
\  correction 

COMPRESSIBLE  LIFT  COEFFICIENTS  FOR  72.5°  SWEPT  WING 


.5  0.0 


1.0 

1.5 

2.0 

2.5 

0.30 

0.45 

0.60 

0.75 

0.76 

0.82 

0.88 

0.94 

0.97 

1.05 

1.12 

1.19 

0.88 

0.95 

0.101 

0.107 

1.02 

l.IO 

1.19 

1.29 

0.092 

0.099 

0.107 

0.116 

1.08 

1.18 

1.27 

1.36 

0.097 

0.106 

0.104 

0.122 

TABLE  VI 


CALCULATED  DRAG  COEFFICIENTS  FOR  72.5°  SWEPT  WING 


M 

2.0 

B 

2.0 

3.0 

R  X  10"^ 

4.0 

10.0 

30.0 

30.0 

P/Pg  (mlnlinum) 

0  *08648 

0 .01936 

0.3605 

0.1414 

0.01  q/P. (assumed  loss) 

CO 

0.00365 

0.00141 

Pg/Pg  (average  suction 

0.08283 

0,01795 

pressure) 

0.1278 

0.02722 

Poo/Pj 

Pg/Pco 

0.648 

'  x-' 

0,659 

T,/Tg  ^  WTgg 

0.5556 

0*33/ 1 

W' 

2.19 

2.86 

3.82 

4.706 

C„J^  X  10^  »  fp*  /  /r^ 

11,0 

9.05 

6.97 

8.60 

2  X  10^«  Cd„^  X  10^ 

1.840 

0.806 

0.299 

0.217 

%  * 

0.983 

0.545 

0.233 

0.180 

Cq  X  10^ 

S 

14.25 

11.7 

9.02 

Cd^  X  10* 

15.23 

_ 

12.24 

9.25 

TABLE  VII 


METERING  HOLE  &  SLOT  VARIABLES  FOR  72.5°  SWEPT  WING 


Suction 

Chamber 

Slot 

Slot  Width 

Hole  Spacing 

Hole  Dia. 

No. 

Number 

S»/C* 

Wj  ~  in. 

Y  ~  in. 

d  ~  in. 

TABLE  VIZ 

METERING  HOLE  &  SLOT  VARIABLES  FOR  72.5°  SWEPT  WING 
(continued) 


44  0.784  0.250 


Hole  Dia. 
d  ~  in. 


0.0310 

0.0310 

0.0280 

0.0350 


5  45  0.792 


0.0330 


0.0320 

0.0310 

0.0292 

0,0292 

0.0280 

0.0330 

0.0320 

0.0310 

0.0292 

0.0292 

0.0280 

0,0280 

0,0260 

0.0260 

0.0250 


6 

61 

0.920 

0.0250 

6 

62 

0.928 

0,0250 

6 

63 

0.936 

0.0250 

6 

64 

0.944 

0.0250 

7 

65 

0.952 

0.0330 

7 

66 

0.0320 

7 

67 

WBSmM 

0.0310 

7 

68 

0.0292 

7 

69 

0.984 

0.0292 

7 

70 

0.992 

0.0280 

7 

71 

1.000 

0.0280 

7 

72 

1.008 

0.0260 

7 

73 

1,016 

0.0260 

7 

74 

1.024 

\ 

7 

\ 

0.0250 

7 

75 

1,032 

0,003 

0.: 

250 

0.0250 
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TABLE  VIII 


STATIC  PORT  LOCATIONS  AND  NOTES  FOR  72.5°  SWEPT  WING 


IChordwise  Location 

References  Numbers  and  Notes 

(See  FiK. 

128  for  Soanwise 

Location) 

x/c 

Surface 

Root 

Midspan 

lie 

0.002 

lower 

1 

2iA 

41 

0.002 

upper 

2 

22^ 

42 

0.008 

M 

3 

23A 

43 

0.025 

II 

4 

24* 

44 

0,046 

H 

5 

25A 

45* 

0.090 

M 

6* 

26A 

46 

0.210 

Jl 

7 

27A 

47 

0.395 

:: 

8 

28A 

48 

0.603 

II 

9* 

29A 

49* 

0.728 

II 

10 

30S 

50 

0.853 

II 

11* 

3iA 

51 

0.952 

M 

12* 

32 

2* 

0.998 

II 

13 

33* 

53 

*Not  used  because  of  plugged  or  leaky  tubes 
^Deliberately  sealed  at  a  =  0,75° 


TABLE  IX 


COMPARISON  OF  ACTUAL  AND  EMPIRICAL  WAKE  DRAG  CORRECTIONS 
FOR  72.5°  SWEPT  WING 


c 

Cq^  (Actual  Corrected 

Cq^  frcHn  calculations 

of  boundary  layer) 

.1840  X  10" 3 

.806  X  10" 3 

.0299  X  lo’^ 

.0983  X  10  ^ 

.0545  X  lO"-^ 

.0233  X  10"3 

Cd„  (Empirical  Correction) 

Wc 

.1304  X  10"^ 

.0652  X  lo"^ 

.0261  X  lO"^ 

) 


I  • 

I 


» 


» 


► 
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TABLE  X 


COMPARISON  OF  CALCULATED  AND  MEASURED  DRAG  COMPONENTS  OF 


72.5®  SWEPT  WING 


Rg  X  10"' 

Cy  X  103 


Cjj  X  lO-^ 

6 

ZSss/C  X  10” 

Cd„,  X  10^ 
Cot  X  103 


Measured 

Calculated 

8.85 

8.80 

10.0 

0.997 

0.884 

0.905 

1.158 

1.014 

1.170 

0.335 

0.654 

0.081 

0.189 

0.342 

0.055 

1.347 

1.356 

1.225 

TABLE  XI 


COMPARISON  OF  SLOT  LOSSES  CALCULATED  FOR 
DIFFERENT  SWEEP  ANGLES  AND  ASSIGNED  VALUES  OF 


SWEEP  e:  0.0° 

SWEEP 

HHI 

VARIABLE 

■■■■ 

GROTH'S 

SWEPT  SLOT 

SWEPT 

SLOT 

METHOD* 

METHOD 

METHOD 

A"  -  inches 

0.08 

0.08 

- , 

0.08 

0.08 

w^  -  inches 

0.0035 

0.0035 

0.0035 

0.0035 

"f 

0.0000 

0.0001 

0.0001 

1.0000 

(j,  X  10^ 

0.3604 

0.3604 

0.3930 

0.3930 

^2 

0,5369 

0.5369 

0.5855 

0.5855 

X  10-6 

10.0 

10.0 

10.0 

10.0 

f  * 

0 

5.4897 

5.4897 

5.4897 

5.4897 

P2/P 

0.9450 

0.9473 

0.9354 

0.9568 

AP/P  =  (P  -  P2)/P 

0.0550 

0.0527 

0.0646 

0.0432 

*In  the  application  of  Groth's  method  a  simplification  is  frequently  made 
in  which  it  is  assumed  that  Uj^/u^^  =  The  more  accurate  relation 

given  in  reference  117,  u^^/u^  =  (Tj^/T^)^* ,  was  used  in  the  calculation 

above  to  be  more  consistent  with  the  assumptions  used  for  the  swept  slot 
method. 


TABLE  XII 


PRESSURE  DROP  IN  LAMINAR  FLOW  TUBE  WITH  COMPRESSIBLE  FLOW 


p/p]j  vs  x/RRr 


Pk  Pk 


Po/Pk 

(at. ) 

Mo 

Po/Pk 

RR 

(at.) 

0.101 

0.9928 

848 

0.1 

0.1336 

0.9876 

1875 

0.2 

x/RRj^ 

P/Pk 

x/RRj^ 

P/Plt 

0.0091 

0.989 

0.0043 

0.984 

0.0167 

0.988 

0.00775 

0.982 

0.0456 

0.984 

0.0208 

0.977 

0.0747 

0.977 

0.0341 

0.973 

0.1040 

0.972 

0.0472 

0.969 

0.1325 

0.968 

0.0603 

0.966 

0.1710 

0.962 

0.7770 

0.961 

0.2100 

0.959 

0.0952 

0.958 

0.2480 

0.953 

0.1128 

0.953 

0.2870 

0.950 

0.1301 

0.949 

0.3260 

0.943 

0.1476 

0.946 

0.3830 

0.934 

0.1738 

0.940 

0.4420 

0.925 

0.2000 

0.934 

0.4990 

0.920 

0.2260 

0.929 

0.5510 

0.911 

0.2520 

0.923 

0.6720 

0.895 

0.3045 

0.913 

0.7900 

0.878 

0.3570 

0.899 

0.9030 

0.862 

0.4100 

0.889 

1.0200 

0.842 

0.4620 

0.869 

1.1350 

0.823 

0.5150 

0.863 

1.2550 

0.803 

0.5670 

0.847 

1.3400 

0.790 

0.6060 

0.838 
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TABLE  XII  (continued) 


0.139 


Pk  Pk 


Po/Pk 

(at.) 

Po/Pk 

^  0 

0.9866 

3910 

0.4 

0.143 

0.9858 

978  ( 

x/RRr 

P/Pk 

x/RRr 

P/Pk 

0.00211 

0.9829 

0.0081 

0.980 

0.00376 

0.9816 

0.0146 

0.977 

0.01005 

0.9773 

0.0398 

0.968 

0.0164 

0.9757 

0.0652 

0.963 

0.0227 

0.9721 

0.0903 

0.954 

0.0290 

0.9704 

0.1153 

0.949 

0,0373 

0.9675 

0.1487 

0.940 

0.0457 

0.9648 

0.1824 

0.932 

0.0540 

0.9625 

0.2155 

0.924 

0.0625 

0.9606 

0.2495 

0.915 

0.0709 

0.9580 

0.2830 

0.908 

0.0835 

0.9547 

0.3330 

0.895 

0.960 

0.9517 

0.3835 

0.880 

0.1085 

0.9484 

0.4330 

0.869 

0.1210 

0.9451 

0.4830 

0.854 

0.1462 

0.9399 

0.5840 

0.828 

0.1712 

0.9336 

0.6850 

0.796 

0.1968 

0.9267 

0.7860 

0.766 

0.2220 

0.9215 

0.8880 

0.733 

0.2470 

0.9149 

0.9870 

0.700 

0.2720 

0.9083 

1.0880 

0.664 

0.2910 

0.9034 

1.1620 

0.637 
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TABLE  XII  (continued) 


Mo 

Po/Pk 

Pk 

(at. ) 

Po/Pk 

Pk 

(at.) 

0.197 

0.9733 

2750 

0.2 

0.202 

0.9719 

1370 

0.1 

x/RRr 

P/Pk 

x/RRr 

P/Pk 

0.00295 

0.965 

0.0059 

0.9617 

0.0053 

0.963 

0.0106 

0.9564 

0.0143 

0.953 

0.0285 

0.9419 

0.0232 

0.946 

0.0466 

0.9287 

0.0322 

0.940 

0.0645 

0.9194 

0.0411 

0.935 

0.0825 

0.9089 

0.0529 

0.927 

0.1063 

0.8956 

0.0648 

0.920 

0.1302 

0.8824 

0.0767 

0.913 

0.1540 

0.8692 

0.0887 

0.907 

0.1780 

0.8573 

0.1007 

0.901 

0.2020 

0.8441 

0.1184 

0.892 

0.2380 

0.8243 

0.1362 

0.880 

0.2735 

0.8045 

0.1539 

0.872 

0.3090 

0.7847 

0.1717 

0.861 

0.3450 

0.7635 

0.2076 

0.844 

0.4170 

0.7213 

0.2430 

0.824 

0.4880 

0.6711 

0.2795 

0.804 

0.5610 

0.6196 

0.3150 

0.784 

0.6330 

0.5601 

0.3405 

0.761 

0.7040 

0.4848 

0.3860 

0.738 

0.7760 

0.3923 

0.4130 

0.721 

0.8300 

0.2559 
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TABLE  XII  (continued) 


^  Po/Pk 

0.206  0.9708 


x/RRr 

0.00097 

0.00172 

0.00456 

0.00745 

0.01030 

0.01313 

0.01692 

0.02075 

0.02455 

0.02836 

0.0322 

0.0379 

0.0436 

0.0492 

0.0549 

0.0664 

fljji  0.0778 

0.0894 

0.1008 

0.1120 

0.1234 

0.1320 


Rr 

Pk 

(at. ) 

Mo 

8620 

0.6 

0.212 

P/Pk 

0.9647 

0.9625 

0.9575 

0.9535 

0.9498 

0.9467 

0.9428 

0.9390 

0.9360 

0.9329 

0.9294 

0.9252 

0.9206 

0.9165 

0.9125 

0.9051 

0.8970 

0.8893 

0.8814 

0.8731 

0.8662 

0.8610 


Po/Pk 

Pk 

(at.) 

0.9691 

1765 

0.1 

x/RRr 

P/Pk 

0.0046 

0.9580 

0.0082 

0.9541 

0.0221 

0.9409 

0.0362 

0.9291 

0.0501 

0.9173 

0.0640 

0.9055 

0.0825 

0.8924 

0.1010 

0.8793 

0.1197 

0.8661 

0.1380 

0.8530 

0.1567 

0.8399 

0.1847 

0.8202 

0.222 

0.7979 

0.240 

0.7756 

0.268 

0.7507 

0.324 

0.7034 

0.379 

0.6535 

0.435 

0.5984 

0.491 

0.5302 

0.547 

0.4501 

0.603 

0.3412 

0.644 

0.1798 
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TABLE  XII  (continued) 


Po/Pk 

Pk 

(at.) 

Po/Pk 

% 

Pk 

(at.) 

0.225 

0.9652 

12,520 

0.8 

0.233 

0.9629 

3220 

0.2 

x/RRr 

P/Pk 

x/RRr 

P/Pk 

0.00068 

0.9589 

0.00266 

0.945 

0.00120 

0,9571 

0.00457 

0.941 

0.00315 

0.9519 

0.0122 

0.927 

0.00515 

0.9477 

0.0199 

0.917 

0.00708 

0.9442 

0.0276 

0.909 

0.00903 

0.9413 

0.0352 

O.QOl 

0.01163 

0.9376 

0.04535 

0.u90 

0.01427 

0.9342 

0.0555 

0.881 

0.01688 

0.9310 

0.0657 

0.872 

0.01950 

0.9282 

0.0760 

0.862 

0.02215 

0.9252 

0.0863 

0.853 

0.02604 

0.9212 

0.1014 

0.839 

0.02997 

0.9173 

0.1167 

0.825 

0.03380 

0.9130 

0.1318 

0.811 

0.03775 

0.9093 

0.1470 

0.797 

0.0456 

0.9015 

0.1778 

0.782 

0.0534 

0.8948 

0.2080 

0.741 

0.0613 

0.8877 

0.2390 

0.710 

0.0692 

0.8803 

0.2695 

0.674 

0.0770 

0.8736 

0.3000 

0.640 

0.08485 

0.8670 

0.3305 

0.599 

0.0907 

0.8617 

0.3540 

0.573 
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TABLE  XII  (continued) 


1 


I 

I 


Pk 


Po/Pk 

(at. ) 

Po/Pk 

% 

0.9615 

6560 

0.4 

0.283 

0.9459 

11,630 

x/RRr 

P/Pk 

x/RRr 

P/Pk 

0.00128 

0.9526 

0.00072 

0.9355 

0.00226 

0.9500 

0.00128 

0.9324 

0.00600 

0.9410 

0.00338 

0.9236 

0.00976 

0.9351 

0.00553 

0.9168 

0.0135 

0.9299 

0.00726 

0.9109 

0.0172 

0.9243 

0.00975 

0.9061 

0.0223 

0.9183 

0.01253 

0.8990 

0.0273 

0.9131 

0.01538 

0.8933 

0.0323 

0.9071 

0.01817 

0.8876 

0.0372 

0.9009 

0.02100 

0.8823 

0.0421 

0.8959 

0.02380 

0.8769 

0.0497 

0.8887 

0.02805 

0.8694 

0.0572 

0.8811 

0.0323 

0.8624 

0.0646 

0.8749 

0.03645 

0.8556 

0.0721 

0.8673 

0.04065 

0.8472 

0.0872 

0.8535 

0.0491 

0.8338 

0.1020 

0.8393 

0.0576 

0.8202 

0.1172 

0.8255 

0.0661 

0.8071 

0.1320 

0.8113 

0.0745 

0.7937 

0.1470 

0.7975 

0.0830 

0.7801 

0.1620 

0.7824 

0.0915 

0.7671 

0.1732 

0.7712 

0.0978 

0.7564 

P 


m 


t 


Pk 

(at. } 


0.6 
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TaBLL  XI I  (continued) 


Pk 


0.316 


Po/Pk 

(at. ) 

Po^Pk 

h 

0.9331 

9000 

0.4 

0.3275  0.9287 

17,880 

x/RRr 

P/Pk 

x/RRr 

P/Pk 

0.00093 

0.9190 

0.00049 

0.9164 

0.00165 

0.9151 

0.00085 

0.9125 

0.00437 

0.9019 

0.00222 

0.9026 

0.00713 

0.8917 

0.00361 

0.8951 

0.00985 

0.8825 

0.00498 

0.8890 

0.01257 

0.8752 

0.00635 

0.8831 

0.01621 

0.8647 

0.00818 

0.8758 

0.01987 

0.8548 

0.01002 

0.8693 

0.02350 

0.8456 

0.01183 

0.8632 

0.02715 

0.8374 

0.01368 

0.8587 

0.0308 

0.8292 

0.01552 

0.8512 

0.0363 

0.8167 

0.01826 

0.8431 

0.0417 

0.8035 

0.02100 

0.8353 

0.0471 

0.7920 

0.02375 

0.8275 

0.0525 

0.7788 

0.0265 

0.8197 

0.0635 

0.7538 

0.0320 

0.8050 

0.0744 

0.7288 

0.03745 

0.7900 

0.0855 

0.7031 

0.0431 

0.7756 

0.0963 

0.6758 

0.0485 

0.7610 

0. 1073 

0.6484 

0.0540 

0.7464 

0.1180 

0.6162 

0.0595 

0.7316 

0.1263 

0.5918 

0.0637 

0.7207 
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Pk 

(at. ) 
0.8 


TABLE  XII  (continued) 


Pk 


Po/Pk  (at.) 

Po/Pk 

Rr 

,3445 

0.9212  13,930  0.6 

0.355 

0.9166 

9600 

x/RRr 

P/Pk 

X/RRR 

P/Pk 

0.00061 

0.9081 

0.00088 

0.897 

0.00107 

0.9019 

0.00155 

0.890 

0.00283 

0.8896 

0.00410 

0.877 

0.00461 

0.8798 

0.00669 

0.863 

0.00637 

0.8714 

0.00924 

0.851 

0.00813 

0.8644 

0.01179 

0.839 

0.01048 

0.8548 

0.01520 

0.828 

0.01283 

0.8466 

0.01860 

0.815 

0.01517 

0.8381 

0.02200 

0.806 

0.01755 

0.8300 

0.02544 

0.793 

0.01987 

0.8227 

0.02884 

0.782 

0.0234 

0.8118 

0.0340 

0.766 

0.02695 

0.8010 

0.03905 

0.749 

0.0304 

0.7900 

0.0441 

0.733 

0.0339 

0.7791 

0.0492 

0.714 

0.0410 

0.7576 

0.0595 

0.680 

0.0480 

0.7361 

0.0697 

0.642 

0.0552 

0.7146 

0.0801 

0.602 

0.0622 

0.6922 

0.0903 

0.553 

0.0693 

0.6696 

0.1004 

0.497 

0.0763 

0.6459 

0.1107 

0.418 

0.0815 

0.6264 

0.1183 

0.234 
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Pk 

(at. ) 


0.4 


TABLE  XI T  (continued) 


I 


Pk 


Po/Pk  ^at.) 

Mo 

Po/Pk 

% 

0.364 

0.9125  19,750  0.8 

0.396 

0.8975 

15,800 

x/RRr 

P/Pk 

x/RRr 

P/Pk 

0.00044 

0.89981 

0.00055 

0.883 

0.00077 

0.89504 

0.00096 

0.875 

0.00201 

0.88369 

0.00251 

0.859 

0.00327 

0.87481 

0.00408 

0.845 

0.00451 

0.86708 

0.00563 

0.835 

0.00576 

0.85984 

0.00718 

0.825 

0.00740 

0.85145 

0.00924 

0.812 

0.00907 

0.84356 

0.01135 

0.800 

0.01072 

0.83632 

0.01340 

0.788 

0.01239 

0.82875 

0.01545 

0.779 

0.01405 

0.8216? 

0.01753 

0.768 

0.01653 

0.81197 

0.02065 

0.753 

0.01903 

0.80243 

0.02375 

0.737 

0.02150 

0.79273 

0.02680 

0.721 

0.02400 

0.78318 

0.02990 

0.704 

0.0290 

0.76443 

0.03615 

0.670 

0.03395 

0.74601 

0.0424 

0.635 

0.0390 

0.72742 

0.0486 

0.598 

0.0439 

0.70916 

0.0548 

0.555 

0.048 

0.68958 

0.0610 

0.503 

0.0539 

0.66952 

0.0673 

0.429 

0.0576 

0.65455 

0.0718 

0.240 

Pk 

(at. ) 


0.6 


I 


¥ 


h 
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TABLE  XII  (continued) 


Po^Pk  ^ 
0.408  0.8917  21,800 


x/RRr  P/Pk 

0.00040  0.877 

0.00070  0.872 

0.00182  0.859 

0.00296  0.845 

0.00409  0.837 

0.00521  0.828 

0.00671  0.818 

0.00821  0.807 

0.00970  0.797 

0.01122  0.788 

0.01272  0.778 

0.01497  0.767 

0.01722  0.753 

0.01946  0.742 

0.02170  0.727 

0.02620  0.703 

H  0.03075  0.675 

0.03525  0.648 

0.0398  0.618 

0.0443  0.587 

0.0488  0.552 

0.0522  0.522 


Pk 

(at. ) 

Po/Pk 

% 

Pk 

(at. ) 

0.8 

0.419 

0.8862 

20,300 

0.73 

x/RRr 

P/Pk 

0.00043 

0.8712 

0.00075 

0.8645 

0.00195 

0.8487 

0.00318 

0.8362 

0.00439 

0.8258 

0.00559 

0.8161 

0.00720 

0.8041 

0.00883 

0.7933 

0.01043 

0.7820 

0.01204 

0.7714 

0.01367 

0.7610 

0.01607 

0.7457 

0.01850 

0.7299 

0.02090 

0.7152 

0.02330 

0.6991 

0.02815 

0.6671 

0.03300 

0.6331 

0.03785 

0.5968 

0.0427 

0.5548 

0.0475 

0.5044 

0.0524 

0.4339 

0.0560 

0.2324 
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TABLE  XI I  (continued) 


Pk 

(at. ) 


^-2  Po^Pk 

0.430  0.8807 


x/RR,^ 


0.00038 

0.00066 

0.00173 

0.00282 

0.00390 

0.00496 

0.00639 

0.00783 

0.00925 

0.01070 

0.01211 

0.01427 

0.01640 

0.01853 

0.02068 

0.02500 

0.02930 

0.03360 

0.03790 

0.04220 

0.0464 


Rr 


23,000  0.8 


P/Pk 


0.868 

0.860 

0.843 

0.833 

0.820 

0.810 

0.800 

0.789 

0.778 

0.768 

0.758 

0.743 

0.727 

0.712 

0.685 

0.664 

0.631 

0.595 

0.555 

0.505 

0.436 
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FIGURE  31 
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FIGURE  3A 
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FIGURE  51 


MINIMUM  TOTAL  DRAG  AND  OPTIMUM  TOTAL  SUCTION  COEFFICIENTS  VS 
LENGTH  REYNOLDS  NUMBER  AT  =  3.0 
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MINIMUM  TOTAL  DRAG  AND  OPTIMUM  TOTAL  SUCTION  COEFFICIENTS  VS 
LENGTH  REYNOLDS  NUMBER  AT  M„  -  3.5 
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STATION  L  =  19.09  INCHES 
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FIGURE  55 

VARIATION  OF  MIHIHUM  TOTAL  DRAG  AND  OPTIHUM  SUCTION  COEFFICIENTS  WITH 
REYNOLDS  NUMBER  FOR  H»  *  2.5,  3.0,  and  3.5 
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FIGURE  56 

TRANSITKW  REYNOLDS  NUMBER  VS  FREESTREAM  UNIT  REYNOLDS 
NUMBER  AT  M»  -  2.5 
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FIGURE  59 
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OinriMUM  TOTAL  SUCnON  COEFFICIENT  AND  NATURAL  TRANSITION  REYNOLDS 
NUMBER  VS  REFERENCE  LENGTH  REYNOLDS  NUMBER 
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FIGURE  60 

OPTIMUM  TOTAL  SUCTION  COEFFICIENT  VS  LOCATION  OF 
TRANSITION  WITHOUT  SUCTION 
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FIGURE  61 

RAKE  TOTAL  HEAD  AND  CORRESPONDINC  NACH  NUMBER  DISTRIBUTION 
PERPENDICULAR  TO  MODEL  SURFACE  AT  RAKE  LOCATIW, 
STATION  18.81,  for  -  2.5,  \  •  15.8  x  10^ 

-632. 


FIGURE  62 


EFFECT  or  THE  SHOCK  WAVE  FROM  THE  LAST  SLOT  (STATION  18.50)  ON 
THE  LOCAL  POTENTIAL  FLOW  HELD,  H»  -  2,5,  Rj^  -  15.8  x  10® 
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FIGURE  63 

EFFECT  OF  THE  SHOCK  WAVE  FROM  THE  LAST  SLOT  (STATIW  18.50)  OJ 
THE  LOCAL  POTENTIAL  FLOW  FIELD,  Ho  *=  3.0,  Rl  «  7.6  x  10® 
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FIGURE  64 

EFFECT  OF  THE  SHOCK  WAVE  FROH  THE  LAST  SLOT  (STATION  18.50)  (»l 
THE  LOCAL  POTENTIAL  FLOW  FIELD,  M,„  -  3.5,  R^  -  5.8  x  IC^ 
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FIGURE  68 


THEORETICAL  VARIATION  OF  THE  REYNOLDS  NUMBER  BASED 
ON  MOMENTUM  THICKNESS  ALONG  THE  MODEL  AXIS 
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FIGURE  70a 

THEORETICAL  WALL  TEMPERATURES  AND  TEMPERATURE 
RECOVERY  FACTORS  ALONG  BODY  AXIS 
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FIGURE  70b 

THEORETICAL  WALL  TEMPERATURES  AND  TEMPERATURE 
RECOVERY  FACTORS  ALONG  BODY  AXIS 
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FIGURE  70c 
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FIGURE  71 

ROUGHNESS  REYNOLDS  NUMBER,  Rh,  AND  MACH  1 
OF  ROUGHNESS  PARTICLE,  Mh,  VS  HEIGHT  h 
AND  SEVERAL  CHORDWISE  STATK 
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SHOCK  LINES  AND  SUCTION  AREA  ON  36 SWEPT  WING  MODEL 
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FIGURE  77 

WAKE,  SUCTION  AND  TOTAL  DRAJ  COEFFICIENTS  VS  TOTAL  SUCTION  COEFFICIENT 

”  =  2.5  =  32.8  in. 
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FIGURE  80 

WAKE,  SUCTION  AND  TOTAL  DRAG  COEFFICIENTS  VS  TOTAL  SUCTION  COEFFICIENT 
M  =  3.0  *  27.7  and  32.8  in. 
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FIGURE  61 

WAKE,  SUCTION  AND  TOTAL  DRAG  COEFFICIENTS  VS  TOTAL  SUCTION  COEFFICIENTS 

M  *  3.5  X  ■  37.8  in. 
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FIGURE  83 

MINIMUM  TOTAL  DRAG  AND  OPTIMUM  TOTAL  SUCTION  COEFFICIENTS 
VC  LENGTH  REYNOLDS  NUMBERS 

M  =  2.5 
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MINIMUM  TOTAL  DRAG  AND  OITIMUM  TOTAL  SUCTION  CO  .FFICIZNTS 
VS  LENGTH  REYNOl  ;>S  NUMBER 

M  ■  3.- 
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FIGURE  86c 

THEORETICAL  AND  EXPERIMENTAL  DRAG  COEFFICIENTS,  AND  CROSSFLOW 
REYNOLDS  NUMBERS  M  =  2.5,  C..  %  =  1.222  ,  R_  16,6  x  10^ 
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BOUNDARY  LAYER  CALCULATION  M  =  2.5,  C^  /R  =  2.013 


FIGURE  87b 

THEORETICAL  AND  EXPERIMENTAL  DRAG  COEFFICIENTS  AND  CROSSFLOW  REYNOLDS  NO. 
M  =  2.5,  C„  ,/Rc  =  2.013,  Rc  =  13.5  x  10^ 
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FIGURE  87c 

THEORETICAL  AND  EXPERIMENTAL  DRAG  COEFFICIENTS,  AND  CROSSFLOW  REYNOLDS  NUMBERS 
M  =  2.5,  Cv,^  /Rc  =  2.013,  Rg  =  21.0  x  10^ 
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FIGURE  88b 


THEORETICAL  AND  EXPERIMENTAL  DRAG  COEFFICIENTS,  AND  CROSSFLOW  REYNOLDS  NUMBERS 
M  =  3.0,  Cw^  =  1.840,  Rc  =  13.0  x  10^ 
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FIGURE  89b 

THEORETICAL  AND  EXPERIMENTAL  DRAG  COEFFICIENTS,  AND  CROSSFLOW 
REYNOLDS  NUMBERS  M  =  3.0,  C„^  %  =  1.982,  R^.  =  25.5  x  10^ 
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FIGURE  92  SKETCH  OF  MOML  AT  36®  SWEEP  AND  TRANSITION  PROBING  MECHANISM 
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COMPARISON  OF  COMPRESSIBILITY  CORRECTIONS  AT  My^  =  0.6 
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SIMUUTION  OF  F2  BY  EMPIRICAL  EQUATION 
FIGURE  156 
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FIGURE  159 

local  and  internal  reference  stations  for  loss  calculations  through  slots 
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SECTION  ill 

STRUCTURAL  INVESTIGATIONS 


CHAPTER  A.  STRUCTURAL  ASPECTS  OF  LOW  DRAG  SUCTION  AIRFOILS 


J.  Wieder 
W,  Pfenninger 


(A)  Abstract 


A  description  of  the  structure  of  low  drag  suction  wings  is 
presented,  keyed  to  a  generalized  high  subsonic  wet  wing.  The  results  of 
component  load  tests,  corrosion  effects,  surface  irregularities,  concentra¬ 
tion  factors,  and  the  effects  on  strength  and  rigidity  are  discussed. 

(B)  Introduction 


Extensive  laminar  flow  on  the  surfaces  of  an  airplane  by  means 
of  boundary  layer  suction  will  increase  its  range  and  endurance.  The  airplane 
range  depends  on  the  airplane  lift  to  drag  ratio,  the  specific  fuel  consumption 
of  the  propulsion  system  and  the  airplane  weight  ratio  between  beginning  and  end 
of  the  flight,  which  in  turn  is  influenced  by  the  airplane  structural  weight. 

With  the  reduction  in  friction  drag  by  means  of  boundary  layer 
suction,  the  induced  drag  becomes  increasingly  Important.  In  order  to  achieve 
the  full  advantage  from  the  application  of  boundary  layer  suction,  it  is  desira¬ 
ble  to  reduce  the  induced  drag  at  the  same  time  as  the  friction  drag  by  increas¬ 
ing  the  wing  span.  With  the  large  wing  spans  of  an  optimized  laminar  suction 
airplane,  the  structural  designer  is  thus  immediately  faced  with  the  problem  of 
designing  these  large  suction  wings  with  minimum  structural  weight  within  the 
requirements  of  strength  and  stiffness,  with  the  suction  air  ducting  system 
installed,  and  with  the  close  surface  tolerances  required  for  extensive  laminar 
flow.  In  order  to  minimize  the  wing  structural  weight,  the  Inertial  weights 

should  be  distributed  over  the  wing  span,  the  walls  of  the  suction  air  ducts 

should  preferably  be  combined  with  the  structural  elements  of  the  wing,  such 
as  wing  skin,  shear  webs,  longitudinal  stlffners,  ribs,  etc.  Continuous  suc¬ 
tion  on  the  wings,  being  optimum  aerodynamically,  can  be  closely  approached 
by  removing  the  slowest  boundary  layer  air  particles  close  to  the  wing  surface 
through  a  large  number  of  fine  slots.  The  resulting  low  flow  velocities  and 
small  Reynolds  numbers  for  the  slot  flow  enable  the  use  of  relatively  simple 
suction  slots,  which  can  be  cut  into  a  thin  outer  wing  skin,  which  in  turn  is 

bonded  to  a  continuous  thicker  inner  skin.  The  suction  air  passes  through  the 

slots,  spanwise  grooves  and  holes,  drilled  into  the  inner  skin  underneath  the 
slots,  into  the  suction  ducts  and  to  the  suction  compressor.  With  the  excep¬ 
tion  of  the  holes  in  the  inner  skin,  both  wing  skins  are  structurally  efficient 
for  wing  bending  strength  and  stiffness. 

(C)  BLC  Wine  Components 

Two  current  wing  skin  versions  (Figure  1  )  type  A,  the  solid  skin, 
representative  of  inboard  loading  indices,  and  type  B,  the  honeycomb  sandwich, 
of  outboard  loading  indices  and  trailing  edge  surfaces,  exemplify  upper  and 
lower  high  subsonic  wing  surfaces.  The  range  of  geometries  indicated  is  deter¬ 
mined  by  the  chordwise  location  of  the  slot.  These  are  all  bonded  assemblies 
with  drilled  holes  and  the  slotf  cut  by  means  of  a  track-mounted  saw  with  a 


(C)  BLC  Wing  Components  (Continued) 


i 


rotating  blade.  The  sheet  with  plenums  in  the  honeycomb  sandwich  is  chemically 
milled  to  the  proportions  shown. 

Previously  reported  static  tension  and  shear  tests  of  perforated 
sheets  of  an  aluminum  alloy  with  comparable  hole  diameter  to  row  ratios 
(Reference  1 25)  indicate  no  measurable  loss  of  net  area  efficiency.  Built  up 
panels  tested  in  compression  similarly  developed  net  area  deformations  and 
buckling  stresses.  Groups  of  4-  by  20-inch  simply  supported  panels,  represen¬ 
tative  of  low  loading  indices  and  trailing  edge  upper  skins,  were  compressed 
in  the  spanwise  direction.  Figure  2  shows  the  cross  sections  of  .16-inch  over¬ 
all  depth,  and  their  specific  strengths.  Of  the  three  types,  the  chemically 
m.illed  core  sandwich  was  unreliable  due  to  the  narrow  bond  ledges  of  the  core; 
the  corrugated  core  type  is  promising  when  the  core  is  fabricated  with  precision 
dies,  and  the  honeycomb  sanwich  is  a  current  design  choice. 


A  series  of  19  inch  long  6061-T6  aluminum  alloy  tubes  was  tested 
in  torsion  (Figure  3  and  Figure  4  ).  The  encircled  3  and  5  on  the  relative 
rigidity  and  yield  stress  diagram  designate  spacings  akin  to  those  of  BLC  main 
wing  box  surfaces  and  indicate  torsional  rigidity  losses  of  about  5  percent. 

The  25  percent  decrease  in  shear  yield  stress  is  consistent  for  all  configurations; 
in  actual  design,  a  replacement  of  local  area  removed  will  bring  these  values 
close  to  normal  allowables.  In  those  specimens  taken  to  failure,  there  was  the 
expected  elliptical  shape  of  the  holes  with  a  45°  major  axis;  the  failure  pro¬ 
ceeded  along  the  plenum  chamber  from  the  top  of  one  ellipse  to  the  bottom  of 
the  next  following  the  least  net  section  in  a  saw-tooth  fashion.  Figure  5 
shows  the  twist  at  failure  relationship  among  the  slot  locations  with  holes; 
the  fail  stress  was  22,000  psl  based  on  effective  transverse  shell  thickness. 

Thus,  the  strength  is  a  function  of  the  least  net  area;  the  rigidity,  in  the 
elastic  range,  approximately  of  the  net  cross  sectional  area  transverse  to  the 
axis,  and  the  twist,  in  the  plastic  range,  a  non-linear  function  of  the  number 
of  slots. 


In  the  region  of  the  main  structural  box  of  the  wings  of  large 
long  range  or  endurance  airplanes,  the  integration  of  the  internal  suction 
air  ducting  system  with  the  structural  layout  usually  leads  to  an  open  double 
skin  panel  for  the  upper  and  lower  wing  surface.  The  small  suction  velocities 
on  straight  as  well  as  swept  wings  in  the  area  of  the  main  box 


( 


1  to  2  x 


lO"^)*. 


with  a  chordwise  slot  spacing  of  approximately  2  percent 


of  the  wing  chord,  generally  permit  suet? on  duct  arrangements  on  the  basis  of 
structural  optimization.  Over  a  range  of  8,000  to  20,000  Ibs/inch  of  chord, 
optimized  open  sandwiches  would  give  clear  duct  depths  of  1  to  2.7  inch,  which 
are  sufficient  for  keeping  duct  losses  minimal. 


The  family  of  open  sandwiches  is  limited  to  continuous  corruga¬ 
tions  or  a  v'ariety  of  discrete  element  geometries  and  cover  plates.  Corrugated 
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*Vq  =  suction  velocity  for  equivalent  area  suction  (FI’S) 
Uq  =  freest  ream  velocity  (Fi’S) 
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(C)  BLC  Wine  Components  (Continued) 


sandwiches  would  be  a  first  choice  from  the  standpoint  of  chordwise  stiffness, 
and  as  a  torsional  shear  transfer  medium  from  the  partial  depth  intermediate 
ribs.  However,  they  have  the  following  disadvantages:  (1)  increased  fabrica¬ 
tion  difficulties  of  tapering  corrugations  in  planform  and  elevation  to  main¬ 
tain  structural  efficiency  along  the  span;  (2)  in  some  cases  the  variation  of 
the  suction  velocities  along  the  chord  may  lead  to  a  chordwise  variation  of  the 
depth  and  spacing  of  the  suction  ducts,  and  certain  duct  depths  may  exceed  those 
for  structurally  optimum  corrugation  t.iickness.  With  the  relatively  many  rib;> 
necessary  in  a  vjing  with  fuel,  the  use  of  extruded  stiffeners  with  cover  plates 
eliminates  most  of  these  objections  and  permits  more  flexibility  in  arrangement. 

A  BLC  compression  skin  assembly  for  a  wet  wing  is  shown  in  Figure 
6  .  The  solid  upper  cover  becomes  the  honeycomb  type  at  the  lower  loading 
indices;  the  "I"  sections,  or  equivalent  stringer  types,  are  extruded  and 
machined  (with  controllable  warpage  because  of  their  two  axis  symmetry);  the 
inside  face  of  the  skin  assembly  is  a  minimum  gauge  aluminum  honeycomb  panel. 

In  a  BLC  airfoil  this  panel  partially  functions  as  a  lifting  surface  and  as  a 
fuel  liner;  it  further  functions  to  prevent  rolling  of  the  "I"  at  high  stress 
levels  which  might  wave  the  skin  locally.  This  type  of  main  box  eliminates 
mechanical  fasteners  in  the  upper  and  lower  surfaces  of  the  integral  fuel  tanks 
and  minimizes  leaks  into  the  ducts.  All  elements  are  bonded  to  provide,  with 
the  non-wrinkling  structural  members,  smooth  suction  ducts  and  to  minimize  pos¬ 
sible  local  depressions  on  the  outer  surface,  as  in  the  case  of  mechanical  fas¬ 
teners.  As  some  prying  action  occurs,  it  is  important  that  suitable  taper  be 
given  the  flange  legs  to  decrease  peel  tendencies;  a  1:3  taper  ratio  is  satis¬ 
factory  for  transferring  about  100  in- lbs.  of  moment  per  square  inch  of  bonded 
flange  surface;  the  moment  is  in  a  plane  perpendicular  to  the  bonded  flange 
surface.  With  this  arrangement,  bending  material  and  torsional  material  is 
kept  primarily  in  the  upper  skin  with  a  minimum  in  the  lower  skin;  the  neutral 
axis  is  for  a  large  part  of  the  span  considerably  above  the  geometric  center  of 
the  open  sandwich.  All  elements  are  non-buckling  to  yield.  A  group  of  columns 
20  inches  long  and  a  3  inch  stringer  pitch  involving  equivalent  cross  sections 
with  riveted  Z's  and  bonded  l-stringers  gave  a  favorable  specific  strength 
ratio  of  1.15  for  the  cross  section  of  Figure  6.  The  instability  shape  of  the 
latter  was  undistorted  in  cross  section  and  sinusoidal;  some  of  the  former 
failed  in  a  twisting  and  explosive  tearing  of  the  Z-flange.  It  is  noted  that 
the  increasing  thickness  ratio  of  the  inner  skin  to  outer  skin  in  the  outboard 
half  of  the  wing  is  a  fail-safe  aspect  of  this  double  skin  configuration. 

In  relation  to  the  wing  torsional  stiffness,  it  may  be  pointed 
out  that  for  the  inboard  third  of  the  wing,  85  percent  of  the  skin  face 
material  is  in  the  outer  face,  and  for  the  outboard  two-thirds  of  the  wing, 
it  may  vary  from  85  to  65  percent.  A  series  of  torsional  load  applications 
for  a  straight  rectangular  box  100  inches  long  and  with  cross  sectional  dimen¬ 
sions  shown.  Figure  7,  demonstrated  that  the  "J"  value  is  calculated  as  a 
three-cell  box  or  as  a  single-cell  system  with  the  inner  and  outer  skins  assumed 
at  the  bending  center  of  gravity  of  the  skin  system.  This  may  be  conservative 
as  the  tests  were  run  with  no  direct  attachment  of  stringers  to  either  the 
loading  devices  or  reacting  column.  A  possible  5  percent  reduction  in  "J" 
over  a  comparable  skin  stringer  arrangement  is  estimated.  It  was  further 
demonstrated  that  the  skin  system  developed  full  rigidity  regardless  of  the 
load  applications  being  at  inner  and  outer  skins  directly  or  at  the  inner  skin 


(C)  BLC  Wing  Components  (Continued) 

only*  It  is  of  significance  that  this  or  equivalent  systems  function  in  this 
manner,  as  a  BLC  wing  would  have  a  minimum  of  ribs  attached  to  the  outer 
skin  since  the  consequent  interruption  of  the  suction  airflow  in  the  ducts 
should  be  minimized.  This,  in  effect,  means  that  the  intermediate  ribs, 
attached  to  the  inside  honeycomb  sandwich  only,  transfer  airload  torsion  to 
the  box.  The  box  failed  in  the  web  of  the  stringers,  at  an  applied  shear 
of  2800  Ib/ln*  on  the  inside  surfaces  (Reference  126). 

In  the  rear  part  of.  the  wing  in  the  region  of  the  rear  pressure 
rise,  considerably  higher  suction  velocities  are  required  to  maintain  full 
chord  laminar  flow,  (-v  /U  «  5  to  8  x  10"^),  as  compared  with  the  suction 
rates  in  the  region  of  the  main  structural  box.  As  a  result,  in  order  to 
avoid  excessive  pressure  losses  in  the  suction  ducts,  the  full  wing  thickness 
has  to  be  used  for  the  air  flow  in  this  part  of  the  wing.  In  order  to  mini¬ 
mize  the  duct  losses  in  critical  areas,  it  may  become  necessary  tc  deflect 
the  incoming  suction  air  into  the  direction  of  the  duct  flow  by  means  of 
turning  vanes  or  turning  nozzles*  The  suction  air,  after  passing  through  the 
skin,  would  first  be  ducted  in  a  spanwise  direction  through  small  auxiliary 
spanwlse  ducts,  formed  for  example,  by  closed  longitudinal  stiffeners  or  by 
spanwise  corrugations  in  the  outer  skin,  into  turning  nozzles  and  into  the 
main  suction  ducts*  In  this  manner  secondary  flow  pressure  losses  in  the 
suction  ducts  are  drastically  reduced  (References  127  and  128). 

One  version  of  the  wing  trailing  edge  design  is  a  Warren  truss 
type  structure  with  continuous  spanwise  honeycomb  webs  forming  smooth  full 
depth  duct  walls  (Figure  8).  The  eccentric  web  attachment  facilitates 
assembly;  the  straight  web  face  is  thicker  than  its  opposite.  Stress  coat¬ 
ing  showed  that  a  compression  web  of  this  type  carried  its  load  through  the 
thicker  skin  acting  on  an  elastic  medium*  A  9-  by  SO-lnch  single  beam  of 
"T"  flanges  and  eccentric  sandwich  web  failed  at  90  percent  of  calculated 
with  a  deep  buckle  at  the  center;  there  were  no  local  separations  due  to 
the  offset  of  load*  Similarly,  a  two-cell  box  beam  with  *25-lnch-thlck 
sculptured  compression  skins  loaded  in  shear  and  bending  failed  in  a  full 
panel  buckle  of  the  eccentric  sandwich  web  (*016-lnch  faces,  *156  inch 
thick,  4*5  pound  honeycomb)  at  95  percent  ultimate*  The  all  sandwich  trail¬ 
ing  edge  is  non-wrinkling;  a  24- inch  chord  deforms  about  *12  inch  at  the 
trailing  edge  at  limit  load  or  a  nominal  deflection  at  cruise*  Another 
version  of  the  non-buckling  trailing  edge  consists  of  chordwlse  machined 
truss-like  ribs  and  vertical  spanwise  sandwich  webs,  with  the  rib  members 
streamlined  to  maintain  small  suction  air  duct  losses* 

With  the  suction  ducts  installed  in  the  wing,  one  might  super¬ 
ficially  conclude  that  a  laminar  suction  wing  cannot  carry  as  much  fuel  as 
a  turbulent  non-suction  wing.  However,  since  wing  span  and  area  of  an  opti¬ 
mized  low  drag  suction  airplane  are  considerably  larger  than  for  an  opti¬ 
mized  turbulent  airplane,  the  wing  volume  remaining  for  fuel  is  generally 
considerably  larger  for  the  optimized  low  drag  suction  airplane,  as  com¬ 
pared  with  the  corresponding  turbulent  airplane* 


(D)  Surface  Limits 


Surface  irregularities  cause  velocity  fluctuations  in  the  laminar 
boundary  layer  leading  to  transitions.  Allowable  limits  to  roughness,  steps, 
gaps  and  wavlness  have  been  established  through  wind  tunnel  models  and  in  flight 
tests.  Figures  9  and  10 show  these  allowable  and  current  production  standards. 
It  is  observed  that  high  subsonic  transports  cruising  at  30,000  feet  and  above 
fall  within  the  surface  tolerance  limits  with  the  exception  of  surface  steps. 
This  area  requires  special  attention  and  the  submerged  splice  is  a  possible 
solution  to  this  problem.  As  the  down  step  is  more  critical,  design  and  manu¬ 
facturing  tolerances  should  accumulate  as  positive  or  up  steps.  The  waviness 
allowables,  in  terms  of  a  sinusoidal  shape  in  the  chordwlse  direction  are 
shown  in  Figure  10  The  requirements  depicted  here  are  for  the  one  g  cruise 
condition.  The  limits  of  contemp'^rary  products  presently  meet  a  fair  propor¬ 
tion  of  these  requirements. 

Waviness  and  slot  deformations  were  frequently  checked  in  the 
course  of  axial  load  4-  by  20-inch  specimen  testing  at  one  g  and  two  g  load 
levels  and  found  to  be  within  acceptable  limits.  In  the  aforementioned  tor¬ 
sion  box  test,  the  0. 006-inch  slots  were  checked  along  the  span  with  feeler 
gauges  for  all  loading  conditions  to  over  3°  of  box  twist;  no  measurable 
variation  wat.  obtained.  The  waviness  was  within  0.001-inch  per  inch.  A 
leading  edge  segment  14  inches  of  cantilever  by  2  feet  wide,  representative 
of  a  BLC  6  percent  wing  and  weighing  4  Ib/ft^,  was  tested  under  simulated 
air  load.  The  maximum  tip  deformation  was  .05  inch  at  1.25  g  and  the  load 
induced  waviness  was  .0005  in/in. 

Akin  to  the  surface  irregularity  problem  is  the  surface  corrosion 
problem.  An  initial  effort  to  evaluate  environmental  effects  was  the  exposure 
of  3-  by  12-inch  solid  and  honeycomb  skin  panels  to  an  industrial  climate  and 
an  ocean  and  a  Jungle  site.  Suction  efficiencies  subsequent  to  exposure  were 
checked  with  and  without  steam  cleaning  of  surfaces.  Results  are  shown  in 
Figure  11 . 


Successful  anodic  treatment  of  exposed  edges  and  holes  on  bonded 
assemblies  with  no  loss  of  bond  strength  has  been  gained.  (References  129  and 
130). 


(E)  Stress  Concentration  Factors 


In  common  with  most  design  efforts,  we  seek  to  encompass  aspects 
of  the  safe-life  and  the  fail-safe  approach  to  fatigue  problems.  One  trend  of 
long  range  or  endurance  BLC  operation  which  may  relax  somewhat  the  criteria  of 
the  first  is  suggested  by  Figure  12.  For  an  assumed  life  a  BLC  long  range 
aircraft  type,  with  an  efficient  laminar  wing  and  tail,  and  a  turbulent  fuselage, 
cruising  at  over  40,000  feet  has  a  potentially  more  favorable  cumulative  damage 
history  than  equivalent  turbulent  aircraft  by  about  43  percent  in  the  lower  wing 
surface  root  area  and  about  55  percent  in  the  midspan  area.  These  estimates  are 
based  on  an  optimum  aircraft  usage  involving  40  percent  fewer  ascents  and 
descents,  and  crusing  encounters  with  5  to  10  ft/s  gusts  at  one-fourth  normal 
frequency. 


Significant  design  questions  are  concerned  with  the  concentration 
factors  of  holes,  plenum  chambers  and  slots.  Of  these  discontinuities. 


(E)  Stress  Concentration  Factors  (Continued) 


the  holes  are  influential  in  all  directions  and  their  small  size  precludes 
shaping  for  possible  stress  neutralization^  or  effective  symmetrical  local 
reinforcing*  Some  cycling  gains  were  noted  in  minimum  tests  of  pre-stressed 
hole  rims.  However,  the  depth  of  the  pre-stressing  effect  Involves  areas 
around  the  hole  which  are  in  multi-axial  stress  fields  where  yield  Increases 
in  one  direction  may  be  offset  by  decreases  in  another,  according  to  the 
Bauschlnger  effect*  Although  75ST  has  been  used  for  BLC  specimens,  fabrica¬ 
tion  and  tests,  it  is  believed  only  representative  of  the  aluminum  spectrum; 
for  example,  7178  or  the  more  notch  accommodating  2024  could  be  used*  To  the 
increasing  evidence  of  reversed  high  stress  levels,  is  added  some  evidence  of 
a  possible  35  percent  gain  in  nominal  fatigue  strength  over  75ST  for  sheet 
with  holes  such  as  are  encountered  in  BLC  skins  (Reference  131 )*  In  a  single 
Instance  of  investigation  of  a  row  of  *04-lnch  holes  in  a  contour,  this  per¬ 
centage  was  not  borne  out*  However,  the  use  of  2024  for  lower  main  box  skins 
is  a  design  consideration* 

The  development  of  maximum  tangential  stresses  in  the  elastic 
range  of  intermediate  holes  in  typical  BLC  patterns  is  based  on  photoelastic 
results  and  summarized  in  Figure  13  (Reference  132)*  A  simple  superposition 
of  the  tangential  stresses  at  the  rim  of  the  hole  due  to  the  applied  multi- 
axial  stresses  results  in  critical  planes  at  90**  and  135**,  to  the  direction 
of  applied  tension  or  shear*  Where  the  shear  stress  to  spanwise  tension 
stress  ratio  exceeds  2,  the  shear  effect  dominates;  below  2,  the  tension 
effect  dominates,  with  combined  load  K<f*s  between  2*75  and  3*5* 

The  plenum  chamber  with  its  full  depth  radii  has  notch  effects 
due  to  loadings  in  planes  transverse  to  its  axis*  The  effect  of  tension 
stress  at  the  base  of  the  fillet  for  a  representative  width  to  depth  plenum 
in  a  solid  skin  is  shown  in  Figure  14*  For  the  heavy  skins  with  little 
Induced  bending,  the  ratio  <7max/0'gross  ■>  3*0;  for  *l-lnch-thlck  skins 
(Tmax/crgross  is  in  the  vicinity  of  3*9*  The  problem  of  the  thinner  skins  with 
increasing  eccentricity  is  circumscribed  by  the  use  of  the  honeycomb  sandwich* 
Results  of  chordwlse  tens  ion- tens  ion  tests  of  the  honeycomb  sandwich  type 
showed  the  significance  of  controlling  flexibility  in  the  notched  sheet*  On 
Figure  15  the  dashed  S-N  curve  is  a  run  with  the  base  of  the  plenum  not  bonded 
to  the  honeycomb  and  the  honeycomb  sandwich  curve  with  the  base  bonded;  the 
life  Increase  is  almost  10:1* 

If  the  row  of  holes  is  assumed  dominant,  a  K-Tnet  “  2*65 

and  chordwlse  *  2*40*  Assuming  Kf  «  1  +  and  a  *  *02  inch,  a 

1  +  a/r* 

material  constant  for  75ST  sheet,  then  Kf  at  the  fatigue  limit  «  1*82  and  1.70, 
respectively*  The  value  from  the  S-N  diagram  of  the  spanwise  and  chordwlse 
honeycomb  sandwich  at  fatigue  limit  is  approximately  “  1*85,  indicating 

the  prime  effect  of  the  holes* 


*r  ■  radius  of  hole,  in 


(E)  Stress  Concentration  Factors  (Continued) 

Similarly^  the  solid  skin,  spanwlse,  Is  »  1.85  but, 

chordwlse.  Is  2.5  where  the  plenum  eccentricity  dominates. 

(Figure  16.) 

There  are  seemingly  more  favorable  basic  shapes  for  the  plenum 
chamber  Itself  than  the  one  shown;  for  example,  an  arc  of  a  circle,  "U"  type, 
or  elliptical  notches.  In  most  of  these  the  presence  of  the  hole  In  the  cri¬ 
tical  base  area  of  the  notch  Is  an  additive  concentration  factor.  In  the 
concept  shown,  the  concentrations  are  adequately  separated,  at  least  on  the 
generally  verified  basis  of  the  very  local  deterioration  of  the  maximum  stress 
of  steep  stress  gradients.  As  a  result  of  these  Investigations,  It  Is  believed 
that  with  a  judicious  replacement  of  material  removed  from  BLC  skins,  the  design 
and  gross  stress  of  comparable  riveted  airfoils  may  be  used  In  the  design 
appraoch. 


It  has  been  noted  that  wing  span  Is  a  significant  parameter  In 
BLC  airplane  performance.  A  traditional  method  of  obtaining  additional  span 
within  the  range  of  dontemporary  cantilever  deformations  Is  with  external 
bracing.  If  either  a  straight  or  swept  wing  Is  braced  at  one-third  of  Its 
semi-span  with  a  jury  strut  system,  a  potential  15  percent  Incrase  In  span 
results  In  a  12  to  15  percent  Increase  In  range  (Reference  121).  The  brace 
system  Is  composed  of  lamlnarlsed  airfoil  shapes  and  designed  by  reverse 
loads. 


CHAPTER  B. 


SKIN  DUCTING  SYSTEM  CONFIGURSTIONS  FOR  LFC  AIRCRAFT  MAIN 
STRUCTURAL  BOX 


Robert  N,  Worth 

(A)  Notation 

A  area,  sq.  inches 

Eg  Young's  modulus  for  face  material,  psl 

shear  modulus  of  core  material,  psi 

D  flexural  stiffness  of  isotropic  sandwich  plate, 

in. /lb 

\2(l  - 

Dq  transverse  shear  stiffness  of  Isotropic  sandwich 

plate,  Ib/ln. 

N,(  middle  surface  coiiq>ressive  force,  Ib/in. 

b  stringer  spacing,  inches 

c  core  depth,  inches 

h  depth  of  sandwich  plate  measured  between  middle 

surfaces  of  faces,  inches 

t,  thickness  of  the  core  faces,  inches 

allowable  stress  level  in  the  faces,  psl 


f 


Poisson's  ratio  for  face  material 


(B)  Introduction 


The  basic  objective  of  a  wing  skin  system  configuration  for 
a  BLC  aircraft  is  two-fold.  It  must  provide  the  strength  required  to  sup¬ 
port  the  binding  and  torsional  loads  In  an  efficient  manner.  It  must  also 
provide  an  efficient  ducting  system  to  allow  the  passage  of  the  suction  air 
from  the  wing  surface  to  the  compressor  system. 

Since  the  ducting  system  Is  extensive  throughout  the  wing  It 
must  be  combined  with  the  skin  system  In  an  Integral  manner  to  provide  for 
an  efficient  load  carrying  structure  of  minimum  weight.  A  double  skin  con¬ 
figuration  is  an  efficient  structure  compatible  to  both  basic  requirements. 
This  configuration  consists  of  a  basic  structural  outer  skin  supported  on 
multiple  stringers.  An  Inner  skin  below  the  stringers  Irnarts  stability  to 
the  stringer  flanges  and  also  provides  a  lower  wall  to  complete,  the  ducting 
passage.  Air  Is  drawn  through  a  slotted  surface  skin,  and  then  through  plenum 
chambers  and  metering  holes  In  the  outer  skin  Into  the  main  ducting  system. 

It  then  passes  spanwise  along  the  wing  between  the  Inner  and  outer  skins  to 
ths  compressor  system.  The  entire  skin-duct  system  Is  load-carrying.  The 
weight  penalty  Inherent  In  having  the  Inner  skin  material  closer  to  the 
neutral  axis  of  the  wing  rather  than  at  the  mold-line  Is  partially  offset 
by  the  stability  It  Imparts  to  the  stringers. 

A  bonded  skin  system  with  extensive  use  of  honeycomb  sandwich 
material  was  chosen  for  several  reasons.  Of  primary  Importance  Is  the  smooth 
outer  surface  obtained  with  a  minimum  of  rivet  and  bolt  heads  protruding  as 
a  potential  source  of  roughness.  The  leakage  problem  both  from  the  external 
surface  and  from  the  Integral  fuel  tank  area  Into  the  ducting  passages  Is 
kept  to  a  minimum.  In  areas  where  the  strength  requirements  are  low,  the 
use  of  honeycomb  sandwich  construction  allows  the  use  of  thinner  minimum 
gauges  with  a  resulting  weight  saving  while  maintaining  «.  wrinkle  free  sur¬ 
face.  The  use  of  a  honeycomb  sandwich  construction  where  feasible  allows  a 
maximum  variation  In  stringer  spacing  with  little  variation  In  wing  weight 
enabling  the  designers  to  remain  close  to  optimum  configuration  at  all  apan- 
wlse  positions  along  the  wing  while  remaining  compatible  with  the  ducting 
requirements. 

(C)  Detail  Design 

Design  weight  charts  have  been  compiled  for  the  configuration 
shown  in  Figure  17.  The  stringers  depth  and  spacing  Is  dictated  by  the  suc¬ 
tion  air  ducting  requirements.  Since  the  air  Is  introduced  into  the  ducts 
from  spanwise  slots  along  element  lines  on  the  wing,  the  stringers  must  also 
lie  along  element  lines.  The  spacing  therefore  Increases  in  relationship  to 
the  wing  taper  ratio  as  the  stringers  run  inboard  from  the  tip.  At  various 
stations  along  the  wing  more  stringers  are  added  to  retain  a  spacing  com¬ 
patible  with  strength  and  ducting  requirements. 


'vO  Detail  Design  (Continued) 

The  outer  skin  in  the  areas  where  the  loading  index  (Ib/in. 
of  vTng  chyrd)  is  less  than  19,000  Ib/in*  is  of  honeycomb  sandwich  construc¬ 
tion.  Waile  for  loading  indices  over  7,000  Ib/in.  an  optimum  corrugated  core 
construction  shows  up  to  an  11  percent  weight  saving  over  the  honeycomb  con¬ 
struction  it  is  much  more  demanding  of  a  specific  stringer  spacing  to  maintain 
this  advantage.  Since  the  honeycomb  is  exceedingly  lenient  toward  variations 
in  stringer  spacing  and  is  also  easier  to  manufacture,  this  type  of  construc¬ 
tion  is  used.  In  the  Inboard  portion  of  the  wing  where  the  loading  indices 
are  over  19,000  Ib/in.  a  solid  outer  skin  is  used. 

The  inner  skin  is  of  minimum  gauge  honeycomb  construction  in 
all  cases,  providing  a  stable  panel  of  minimum  structural  material.  This 
allows  the  majority  of  the  structural  material  to  be  close  to  the  mold-line 
of  the  wing  for  greater  efficiency.  Figure  18  shows  the  weight  of  the  skin- 
system  substructure  versus  the  stringer  spacing.  It  is  noted  that  the  weight 
of  the  inner  skins,  the  slotted  skin,  and  their  adhesive  systems,  plus  the 
adhesive  system  for  the  outer  skin  is  constant  at  .OC^.  3  Ib/sq.  in.  of  surface 
area  independent  of  the  stringer  spacing. 

This  is  based  on  an  interpretation  of  the  work  presented  in 
Referencel24 giving  two  formulae  (see  Appendix  A): 
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the  radius  of  curvature  which  Is  neglected  in  these  formulae  is  of  relative 
unimportance  for  wings  whose  thickness  ratio  is  less  than  20  percent  where 
stringer  spacings  are  compatible  with  low  drag  BLC  requirements. 


For  the  range  of  skin  thicknesses  (up  to  t£  =  .125  Inch)  and 

stringer  spacings  (5.00  to  20.00  Inches)  of  Interest  for  LFC  skin  design, 

3 

and  if  a  mlnlnnjm  core  weight  of  4.5  Ib/ft  Is  specified  the  formulae 
simplify  to: 
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(C)  Detail  Design  (Continued) 


or 
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for  a  close  approximation. 


(4) 


In  the  calculation  and  plots  a  design  ultimate  stress  level  of 
65,000  psi  was  used  so  equation  (3)  becomes: 

c  =  h  -  t  =  .024  b  (depth  of  core)  (5) 

s 

The  depth  and  therefore  the  weight  of  the  honeycomb  core  Increases  directly 
as  the  stringer  spacing  Increases.  However,  the  Increase  In  Inner  and  outer 
skin  core  weight  as  the  stringer  spacing  varies  from  10  to  20  inches  amounts 
2 

to  only  0.16  Ib/ft  of  surface  Illustrating  the  leniency  of  the  honeycomb 
structure  toward  the  dropping  out  or  addition  of  stringers  without  an  abrupt 
change  In  core  depth. 

2 

The  stringer  unit  weight  (Ib/ln.  of  surface)  decreases  rapidly 
as  the  spacing  Increases  towards  10  Inches  and  then  decreases  more  slowly  with 
further  Increase  in  spacing.  In  this  region  the  stringer  unit  weight  decrease 
Is  approximately  balanced  by  the  Increase  In  core  weight  resulting  in  a  rela«> 
tlvely  constant  skin  substructure  weight. 


The  total  substructure  unit  weight  of  the  honeycomb  configura¬ 
tion  Is  given  for  stringer  depths  of  from  1.00  Inch  to  2.50  inches.  For 
comparison  the  substructure  weight  of  a  corrugated  core  configuration  Is  given 
for  a  2.00  Inch  stringer  depth  (see  Appendix  B). 


It  Is  noted  that  where  the  loading  indices  get  quite  low  the 
double  skin  construction  required  for  the  low  dreg  BLC  aircraft  Is  relatively 
Inefficient.  The  minimum  gauge  skins  and  stringers  provide  mere  area  than  is 
needed  for  the  load  applied.  This  situation  occurs  In  the  outboard  5  percent 
to  10  percent  of  the  semi-span  so  the  overall  penalty  is  small.  However,  in 
this  area  the  ducting  requirements  are  small  so  that  it  may  be  possible  to 
replace  the  Inner  skin  and  stringers  with  Individual  ducts  If  desirable. 
Figure  19  shows  the  load  carrying  capabilities  of  the  skin  substructure  versus 
stringer  spacing. 


Figure  20  Is  a  design  weight  chart  for  honeycomb  sandwich  con¬ 
struction  of  the  skin  duct  configuration.  Curves  are  shown  of  weight  of  skin 
surface  versus  skin  loading  Index  for  stringer  spaclngs  of  5.00  to  20.00 
inches.  Cross  plotted  are  the  facing  thicknesses  required  for  loading  Indices 
at  various  stringer  spaclngs.  Varying  the  stringer  height  required  for  the 
ducting  moves  these  cross  plots  along  the  stringer  spacing  curve  reflecting 
the  replacement  of  stringer  area  with  skin  area.  Curves  for  the  weight  of 
an  optimum  corrugated  core  sandwich  skin-duct  system  and  a  theoretical  plate 
are  plotted  for  comparison.  The  displacement  of  the  honeycomb  curves  from 
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(C)  Detail  Design  (Continued) 


the  theoretical  plate  reflects  the  weight  of  the  non >structural  Items  of 
core  and  adhesive*  The  difference  In  displacement  of  the  corrugated  core 
curve  results  from  the  use  of  a  structural  core  In  the  outer  skin* 

In  a  design  for  an  actual  wing  the  taper  ratio  dictates  the 
variation  In  stringer  spacing  along  the  span  of  a  panel  since  In  a  low  drag 
6LC  wing  the  stringers  should  follow  element  lines*  In  general  the  loading 
Index  has  a  small  slope  In  the  Inboard  portion  of  the  wing  and  drops  off 
rapidly  In  the  outboard  third  of  the  wing  and  Is  relatively  compatible  with 
the  stringer  spacing  variation* 

The  use  of  the  curves  Is  shown  In  Figure  21*  The  loading 
Index  Is  approximated  as  a  straight  line  variation  over  the  length  of  the 
panel*  The  maximum  stringer  spacing  (b^jj)  compatible  with  the  ducting 

requirements  Is  determined  at  the  Inboard  end  of  the  panel*  The  resulting 
stringer  spacing  at  the  outboard  end  of  the  panel  Is  matched  to  the  loading 
Index  and  the  line  between  these  points  gives  the  facing  thickness  taper 
and  the  skin  system  weight  at  any  point  along  the  panel*  The  core  thickness 
Is  a  direct  function  of  the  stringer  spacing*  The  loading  Index  allowable 
along  the  panel  will  be  the  chosen  straight  line  function  between  the  two 
end  points  and  can  be  compared  directly  to  the  actual  loading  Index  along 
the  span  to  determine  safety  margins* 

In  some  areas  of  the  wing  the  maximum  stringer  spacing 

allowed  due  to  the  ducting  requirements  may  result  In  a  stringer  spacing  at 
the  outboard  end  of  the  panel  whlch'ls  much  too  small*  In  this  case  stringers 
are  dropped  out  along  the  span  of  the  panel  to  Increase  the  stringer  spacing* 
Since  It  Is  desirable  to  eliminate  sudden  steps  In  the  facing  thickness  and 
core  thickness  a  maximum  weight  line  Is  added  to  the  design  curves  as  shown 
In  Figure  22*  This  line  was  constructed  by  doubling  the  number  of  stringers 
without  changing  the  skin  sandwich  design*  Its  position  Is  relatively  con¬ 
stant  whether  the  basic  stringer  spacing  Is  5p  10*  15*  or  20  Inches* 

In  using  this  chart  the  loading  Index  Is  again  approximated 
as  a  straight  line  variation  over  the  length  of  the  panel*  The  stringer 
spacing  (bm^y)  determined  by  the  ducting  requirements  at  the  Inboard  end  of 

the  panel  locates  point  B*  Line  A-A  Is  located  at  the  loading  Index  where 
ba  and  the  Intersection  of  this  line  with  the  maximum  weight  line 

gives  point  C*  Line  B-C  now  gives  the  skin  system  weight  for  this  portion 
of  the  panel*  The  use  of  a  constant  core  depth  determined  by  the  maximum 
stringer  spacing  allows  the  deletion  of  every  other  stringer  Increasing  b 
to  bg^x  again*  This  locates  point  D  and  the  process  Is  repeated  to  the  end 

of  the  panel* 


0*1  cr 


(C)  Detail  Design  (Continued) 

The  facing  skin  thickness  is  determined  by  the  line 

giving  a  straight  taper  along  the  panel*  The  allowable  loading  index  is 
determined  from  the  actual  stringer  spacing  and  the  facing  thickness  giving 
a  stepped  line  along  the  panel  for  coiiq>arison  to  the  actual  loading  index. 

(D)  Appendix  A  --  Extension  of  MCA  TN  2601  for  Flat  Curvature 
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(D)  Appendix  A  --  Extension  of  NACA  TN  2601  for  Flat  Curvatures 
(Continued) 


Solving  for  this  equation  gives: 

,2 


2(1  -  Gc 


(I  .  £,11  2  (1  -  1*,^  G,  b 

(E)  Appendix  B  --  Design  Weight  Charts  BLC  Skin  Configuration 

The  stringer  depth  Is  determined  by  the  suction  air  flow  ducting 
area  requirements  and  a  value  of  2.00  was  chosen  as  a  design  criteria.  The 
I-strlngers  flanges  are  designed  for  bonding  to  the  Inner  and  outer  skins. 

Stringer  Configuration 


^CAP 

S 

.098  sq.  In. 

s 

.162  sq.  In. 

Ast 

m 

.260  sq.  In. 

h  » 

1.0;  1.5;  2.5 

b/t 

m 

20 

» 

.130;  .183;  .363 

^all 

m 

65,000  psi 

WST 

m 

.026  Ib/in.  - 

n 

Ib/sq. 

In. 

Including  bond  Wg,j,  ■  Ib/sq.  in.  surf. 


Inner  Skin:  Same  for  all  configuration  designs 
.008  skins.  ■  .0016  Ib/sq.  in. 

3.1  Ib/cu.  ft.  core  C  «  .029  b  ■  .000,05  b  Ib/sq.  in.  surf. 

core  ^ 

Adhesive  ■  .001  Ib/sq.  In.  surf. 


*  .0026  +  .000,05  b  Ib/sq.  in.  surf 


(E)  Appendix  B  --  Design  Weight  Charts  BLC  Skin  Configuration  (Continued) 

Outer  Skin  -  Slotted: 

•010  Skin  W  b  .001  Ib/sq.  in. 

Adhesive  W  =  .00035  Ib/sq.  in. 

W  =  .00135  Ib/sq.  in. 

T 

Upper  Skin  - 

Z  t  =  ^sk 
s  65,000 

Core  ~  4.5  Ib/cu.  ft.  W=  .0026  C  Ib/sq.  in. 

C  =  .024  b 

Wg  =  .000,063  b  Ib/sq.  in.  surf. 

Adhesive  W  s  .001  Ib/sq.  in. 

WsuB=  +  .00495  +  .000,113  b  Ib/sq.  in.  surf, 

b 

m 
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CHAPTER  C.  EFFECT  OF  WEATHERING  ON  TYPICAL  BONDED  BOUNDARY  LAYER  CONTROL 
STRUCTURE 


R.  N.  Worth 
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The  bonding  and  weathering  of  all  the  specimens  and  the  testing 
of  the  strength  specimens  were  done  by  W.  L.  Hill  of  the  Materials  Research 
Laboratory.  The  flow  rate  measurements  were  conducted  by  K.  H.  Rogers  of  the 
Boundary  Layer  Research  group. 

(B)  Summary 

The  w  therlng  tests  on  boundary  layer  control  panels  conducted 
during  this  program  indicated  that  suction  flow  rates  can  be  held  to  within 
2.5  percent  of  the  design  values  with  present  methods  for  washing  and  steam 
cleaning  of  aircraft.  Results  from  salt  spray  exposure  tests  indicated  the 
desirability  of  providing  protection  for  the  slots  and  holes  by  either  an 
anodizing  or  an  Irldlting  process.  Ground  operation  or  storage  of  BLC  aircraft 
without  special  protection  seems  feasible.  Results  of  the  ninety-day  industrial 
exposure  and  the  sixty-day  tropical  exposure  tests  indicate  that  vacuum  cleaning 
from  the  slot  side  only  can  restore  the  flow  rate  to  within  5  percent  of  the 
original  value  while  steam  cleaning  at  100  psl  from  the  slot  side  only  can 
restore  the  flow  rate  to  within  1.5  percent  of  the  original  values. 

The  results  of  the  metal  to  metal  strength  tests  to  determine 
adhesive  strength  characteristics  showed  no  deterioration  of  the  bond  during 
the  weathering  exposures.  The  results  of  the  honeycomb  peel  and  tensile  tests 
indicated  that  the  adhesive  was  attacked  somewhat  by  humidity  weathering  con¬ 
ditions.  However,  all  strength  values  were  adequate  for  future  LFC  work. 

(C)  Introduction 


The  object  of  these  tests  was: 

(1)  to  determine  the  effects  of  various  climatic  conditions 
on  typical  boundary  layer  control  skin  configurations  with  respect  to  the 
operational  characteristics  and  maintenance  requirements  of  the  suction 
system,  and 


(2)  to  evaluate  the  strength  characteristics  of  the  adhesives, 
used  to  bond  the  test  panels,  after  exposure  to  the  various  climatic  conditions 
of  the  test  program. 

One  of  the  primary  questions  concerning  the  operational  capa¬ 
bilities  of  any  boundary  layer  control  equipped  aircraft  is  whether  the  suc¬ 
tion  system  can  be  kept  within  the  limits  of  efficient  operation  while  the 
aircraft  is  operated  throughout  the  normal  range  of  climatic  environments. 

The  most  vulnerable  portions  of  the  suction  system,  with  regard  to  weathering, 
are  the  slots  and  holes  provided  through  the  skin  for  control  of  the  boundary 
layer. 


(C)  Introduction  (Continued) 


The  panels  tested  in  this  program  represent  typical  boundary 
layer  control  skin  configurations.  Various  combinations  of  materials  and 
surface  treatments  were  subjected  to  several  environmental  conditions  in  the 
field,  as  well  as  to  simulated  conditions  in  the  laboratory,  to  provide  a 
background  for  making  recommendations  on  design,  operation,  and  maintenance 
of  LFC  aircraft. 

(D)  Materials  and  Equipment 

(1)  Materials 

(a)  Metal  Details 

7075-T6  Alclad  sheet  aluminum 
2024-T4  Alclad  sheet  aluminum 
6061-T6  Nonclad  sheet  aluminum 

(b)  Honeycomb  Details 

1/8- inch  cell  3003-.001  non- perforated  core 
1/4-inch  cell  3003-.003  non- perforated  core 

(c)  Adhesives 

AF-13  Minnesota  Mining  and  Manufacturing  Company 
AF-203  Minnesota  Mining  and  .Manufacturing  Company 
L-1372  Specialty  Resin  Company 

(2)  Test  Equipment 

(a)  Climbing  Drum  Peel  Jig,  per  WADC  TR-56-386 

(b)  Instron  Physical  Test  Machine 

(c)  Humidity  Chamber 

(d)  Salt  Spray  Chamber 

(E)  Procedure 


(1)  Preparation  of  Specimens 

The  following  two  adhesives  were  used  in  this  program: 

(a)  AF-13  for  metal  to  metal  bonds; 

(b)  AF-203  for  metal  to  honeycomb  bonds. 

All  metal  to  metal  bonds  and  metal  to  honeycomb  bonds  were  cured 
in  an  autoclave  under  32  psi  air  pressure  plus  3  psi  vacuum.  The  temperature 
was  recorded  by  thermocouples  attached  to  the  parts  during  bonding.  The  follow¬ 
ing  cure  cycles  were  used. 
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(E)  Procedure  (Continued) 


(a) 

Metal 

to  Metal  Bonds 

i. 

The  temperature  was  raised  from  ambient  to 

320 °F  in  a  minimum  time  of  45  minutes. 

ii. 

The  temperature  was  held  at  325  ±5°F  for  a 
minimum  time  of  60  minutes. 

Hi. 

The  parts  were  cooled  to  150°F  before  the 
pressure  was  removed. 

(b) 

Honeycomb  Bonds 

i. 

The  temperature  was  raised  from  ambient  to 

330‘’F  in  a  minimum  time  of  65  minutes. 

11. 

The  temperature  was  held  at  335  i:5°F  for  a 
minimum  time  of  60  minutes. 

ill. 

The  parts  were  cooled  to  150 “F  before  the 
pressure  was  removed. 

Metal  details  which  were  anodize.d  were  processed  in  accordance 
with  Process  Bulletin  F.P.-3G,  using  the  Type  1  chromic  acid  treatment.  All 
anodized  metal  details  were  vapor  degreased  prior  to  being  primed. 

The  details  for  metal  to  metal  bonding  of  Norair  Drawing  4209646 
panels  (Figure  26)  were  made  of  7075-T6  alclad,  2024-T4  alclad  and  6061-T6 
none  lad  aluminum  sheet  and  were  surface- treated  as  follows  prior  to  the  appli¬ 
cation  of  a  thin  coat  of  E.C.  1459  primer  to  the  faying  surface.  The  primed 

surfaces  were  air  dried  for  60  minutes  and  oven  dried  for  30  minutes  at  I60°F. 


(a)  All  the  6061  skins  were  anodized. 

(b)  The  0.188-inch  thick  7075  skins  were  anodized  after 
the  plenum  chambers  were  milled  and  the  holes  drilled. 

(c)  All  the  2024  and  the  7075  skins  were  vapor  degreased, 
etched  in  a  dichromate  solution  for  10  minutes,  and 
oven  dried  at  150 °F. 

The  details  for  metal  to  metal  single  lap  shear  specimens  and 
metal  to  metal  peel  specimens  were  made  of  the  three  types  of  aluminum  stock 
listed  in  Table  11  and  were  surface- treated  as  follows  prior  to  the  applica¬ 
tion  of  a  thin  coat  uf  E.C.  1459  primer  (see  paragraph  above). 

(a)  All  the  6061  skins  were  anodized. 


-811- 


(E)  Procedure  (Continued) 


(b)  All  of  the  (a)  skins  in  Table  HI  were  anodized. 

(c)  All  of  the  (b)  skins  in  Table  III  with  the  excep¬ 
tion  of  the  6061  skins,  were  treated  as  in  paragraph 
(c)  above. 

The  metal  details  of  Drawing  4209647  (Figure  26  )  were  7075-T6, 
2024- T4,  and  6061-T6  skins  and  1/8-lnch  cell  3003-.001  N.P.  core.  The  metal 
details  were  surface- treated  as  follows  prior  to  bonding. 

(a)  All  6061  skins  were  anodized  prior  to  the  application 
of  a  thin  coat  of  E.C.  1459  primer. 

(b)  The  lower  skin  was  vapor  degreased  and  etched  as  out¬ 
lined  above  and  then  coated  with  E.C.  1682  primer. 

The  primer  was  air  dried  for  60  minutes  and  then  oven 

'  cured  at  200°F  for  30  minutes. 

(c)  The  2024  and  7075  chem-milled  sheets  containing  the 
plenum  chambers  were  anodized  prior  to  the  applica¬ 
tion  of  E.C.  1459  primer  to  the  surface  to  be  bonded 
with  AF-13  and  E.C.  1682  primer  to  the  surface  to  be 
bonded  with  AF-203. 

(d)  The  honeycomb  core  was  vapor  degreased  prior  to  bonding. 

The  metal  details  for  the  honeycomb  sandwich  specimens  listed  in 
Table  11  are  7075-T6  alclad  aluminum  skins  and  l/4-inch  cell  3003-.00?  N.P. 
honeycomb  core.  The  metal  details  were  surface- treated  as  follows  prior  to  the 
application  of  a  thin  coat  of  E.C.  1682  to  the  faying  surface. 

(a)  One  skin  was  anodized  (this  skin  was  peeled  in  the 
honeycomb  peel  specimens). 

(b)  One  sklu  was  vapor  degreased  and  etched  as  outlined 
above . 

(c)  The  honeycomb  core  was  vapor  degreased  prior  to 
bonding. 

The  types  and  quantities  of  specimens  are  listed  in  Table  II  . 

Two  types  of  test  panels  were  fabricated  as  shown  in  Table  T1  , 

(Section  I). 

(a)  Group  "A"  panels  were  of  heavy  skin  configuration 

typical  of  the  skin  structure  in  the  torque  box  area 
of  a  wing.  These  panels  were  fabricated  by  bonding 
a  thin  cover  skin  (Aj^  7075  alclad;  A2  2024  alclad; 

A3  6061  none  lad,  anodized)  to  an  anodized  0.188- inch 
thick  7075  alclad  aluminum  skin  with  plenum  chambers 


(E)  Procedure  (Continued) 


and  holes.  AF-13  adhesive  was  used.  The  cover 
skins  were  then  slotted  and  a  thin  coat  of  Irldlte 
was  brushed  onto  the  cover  skin  and  slot  edges. 

(b)  Group  "B"  panels  were  of  honeycomb  sandwich  configu¬ 
ration  typical  of  the  skin  structure  In  the  leading 
edge  and  trailing  edge  areas  of  a  wing.  A  two- stage 
bonding  operation  was  used  in  fabricating  these  panels. 
A  piece  of  1/8-inch  cell  3003-.001  N.P.  core  was  first 
bonded  between  a  primed  skin  and  a  primed,  anodized 
chem-mllled  and  drilled  skin  with  plenum  chambers 
using  AF-203  adhesive.  The  holes  were  then  redrllled 
completely  through  the  panels.  The  honeycomb  panel 
skin  materials  were  7075  (Bj^)  and  2024  (B2)  aluminum 
skins.  A  6061  anodized  cover  skin  was  then  bonded  to 
the  chem-mllled  skin  with  AF-13  adhesive.  The  cover 
skin  was  then  slotted  and  a  thin  coat  of  Irldlte  was 
brushed  onto  the  cover  skin  and  slot  edges. 


The  metal  to  metal  single  lap  shear  specimens  (Table  II  , 

Section  III)  were  fabricated  from  two  pieces  of  0.064-  by  6.0-  by  5.0-lnch 
aluminum  with  a  1/2-inch  bonded  overlap  using  AF-13  adhesive.  After  exposure  to 
the  various  conditioning  procedures  (described  below),  each  panel  was  cut  into 
five  1.0-  by  9. 5- inch  specimens. 


The  honeycomb  peel  specimens  (Table  II  ,  Section  IV)  were  fab¬ 
ricated  by  bonding  a  0.625-  by  12.0-  by  15.0-lnch  core  of  nonperforated  honey¬ 
comb  between  one  0.020-  by  12.0-  by  15.0-inch  primed  anodized  skin  and  one 
0.020-  by  12.0-  by  15.0-lnch  primed  skin  using  AF-203  adhesive.  Each  panel  was 
cut  Into  four  peel  test  specimens  3.0-  by  12.0-lnches,  with  the  core  ribbon 
direction  parallel  to  the  12.0-lnch  dimension. 


The  honeycomb  tensile  specimens  (Table  II  ,  Section  IV)  were 
fabricated  by  cutting  2.0-  by  2.0-lnch  squares  from  the  honeycomb  sandwich  panels 
fabricated  as  described  In  the  paragraph  above,  and  bonding  each  square  between 
two  1.0-  by  2.0-  by  2.0-lnch  7075  blocks  with  a  room  temperature  adhesive  (L-1372). 

The  metal  to  metal  peel  specimens  (Table  II  ,  Section  II)  were 
fabricated  by  bonding  a  strip  of  0.020-  by  1.0-  by  12.0-lnch  aluminum  (skin  b) 
to  a  strip  of  0.064-  by  1.5-  by  12.0-inch  aluminum  (skin  a)  using  AF-13 
adhesive. 

(2)  Conditioning  of  Specimens 

The  boundary  layer  control  test  panels  were  divided  into  five 
groups  of  two  each  and  were  exposed  to  the  following  weathering  conditions. 

(a)  Group  1  -  Salt  Spray  Chamber  at  95 with  a  5  percent 
salt  spray  solution  for  a  period  of  twenty  days,  and 
then  an  additional  twenty-day  period.  Panels  were  re¬ 
moved  once  every  twenty- four  hours  and  rinsed  off  with 
tap  water. 
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(E)  Procedure  (Continued) 


(b)  Group  2  -  Humidity  Chamber  at  120°F  and  100  percent 
relative  humidity  for  a  period  of  twenty  days,  and 
then  an  additional  twenty-day  period.  Panels  were 
removed  once  every  twenty-four  hours  and  rinsed  off 
with  tap  water. 

(c)  Group  3  -  Roof  of  the  Test  Laboratory  for  a  period 
of  ninety  days.  No  cleaning  was  attempted  during 
this  period.  Weather  variations  during  the  test 
Included  a  temperature  range  from  50 ®F  to  90*?, 
light  to  heavy  smog  attacks,  a  trace  of  rain,  dust, 
and  winds  up  to  40  mph. 

(d)  Group  4  -  Panama  Canal  Zone,  Naval  Weathering  Station, 
Ocean  Site,  for  a  period  of  sixty  days  with  a  tempera¬ 
ture  and  relative  humidity  range  and  rainfall  average 
similar  to  the  jungle  site.  No  cleaning  was  attempted 
during  this  test. 

(e)  Group  5  -  Panama  Canal  Zone,  Naval  Weathering  Station, 
Jangle  Site,  for  a  period  of  sixty  days  with  a  tempera¬ 
ture  range  of  72  to  87®F,  relative  humidity  range  of 

56  to  100  percent,  an  average  rainfall  of  18.6  Inches 
per  month,  and  an  average  wind  velocity  of  5.6  mph. 

No  cleaning  was  attempted  during  this  test. 

The  strength  test  specimens  were  divided  equally  into  six  groups 
(quantities  tabulated  in  Table  II)  which  were  exposed  to  the  following  weather¬ 
ing  conditions. 


(a)  Group  1  -  Salt  Spray  Chamber  at  95°F  with  a  5  percent 
salt  spray  for  a  period  of  twenty  days. 

(b)  Group  2  -  Humidity  Chamber  at  120°F  and  100  percent 
relative  humidity  for  a  period  of  twenty  days. 

(c)  Group  3  -  Roof  of  Test  Laboratory  for  a  period  of 
ninety  days.  Weather  same  as  group  3  above. 

(d)  Group  4  -  Panama  Canal  Zone,  Naval  Weathering  Station, 
Ocean  Site,  for  a  period  of  sixty  days.  Weather  same 
as  group  4  above. 

(e)  Group  5  -  Panama  Canal  Zone,  Naval  Weathering  Station, 
Jungle  Site,  for  a  sixty-day  period.  Weather  same  as 
group  5  above. 

(f)  Group  6  -  Control  specimens  (no  weathering  conditions). 
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(E)  Procedure  (Continued) 


(3)  Test  Procedures 

The  test  setup  used  In  determining  the  effect  of  the  various 
climatic  conditions  on  the  suction  characteristics  of  the  boundary  layer  con¬ 
trol  test  panels  is  shovm  in  Figure  27  .  A  suction  source  was  connected 
through  a  nozzle  to  a  sealed  chamber  containing  the  test  panel.  The  flow  rate 
was  adjusted  to  obtain  a  pressure  drop  of  three  inches  of  water  through  the 
slots  and  holes  of  the  test  panel  for  all  tests.  The  pressure  drop  was  mea¬ 
sured  between  the  chamber  and  the  nozzle  and  converted  to  flow  rate  by  the 

formula  Q  =  0.0540  x  /A  p. 

Flow  rate  measurements  were  taken  before  any  exposure  to  pro¬ 
vide  control  values*  After  exposure  to  the  various  climatic  conditions,  the 
flow  rate  was  determined  both  before  and  after  cleaning  by  steam  at  100  psl 
from  the  slotted  side  only  and  the  running  of  shim  stock  along  the  slots. 

The  results  in  terms  of  percent  reduction  of  flow  rate  with  relation  to  the 
control  values  are  tabulated  in  Table  1. 

The  peel  tests  were  conducted  at  ambient  temperature  by  means 
of  the  climbing  drum  peel  jig  mounted  in  the  Instron  Physical  Test  machine 
with  a  head  travel  of  five  inches  per  minute.  The  torque,  in  pound-inches, 
necessary  to  peel  the  face  from  the  specimen  was  autographlcally  recorded. 

The  climbing  drum  jig  was  calibrated  by  peeling  unbonded  alu¬ 
minum  strips  of  the  same  type  and  thickness  as  the  faces  of  the  bonded 
specimens. 


The  torque,  in  pound-inches,  necessary  to  peel  the  adhesive 
was  calculated  by  subtracting  the  average  calibration  value  from  the  average 
test  value.  Such  factors  as  initial  load  on  the  test  machine,  torque  neces¬ 
sary  to  overcome  the  weight  of  the  drum,  and  torque  necessary  to  overcome  the 
resistance  of  the  skin  were  thus  eliminated.  The  results  are  tabulated  in 
Table  111  and  Table  IV. 

The  honeycomb  tensile  specimens  were  tested  to  destruction  at 
ambient  temperature  in  the  Instron  Physical  Test  machine  with  a  head  travel 
of  0.030  to  0.035  inch  per  minute.  The  bonded  area  was  then  measured  and  the 
falling  stress  was  calculated  in  psi.  The  results  are  tabulated  in  Table  IV. 

The  metal  to  metal  single  lap  shear  test  specimens  were  tested 
to  destruction  at  ambient  temperature  in  the  Instron  Physical  Test  machine 
with  a  head  travel  of  0.030  to  0.035  inch  per  minute.  The  bonded  area  was 
then  measured  and  the  falling  stress  calculated  in  psi.  The  results  are 
tabulated  in  Table  Ill. 

(F)  Results  and  Discussion 


The  results  of  the  suction  tests  on  the  boundary  layer  control 
test  panels  are  tabulated  in  Table  1. 


(F)  Results  and  Discussion 


(1)  Humidity  Chamber  Exposure  Results 

The  solid  skin  panels  exposed  ip  the  humidity  chamber  for  forty 
days  showed  no  corrosion  appearing  on  the  surfaces  or  in  the  slots  and  holes* 

The  maximum  reduction  in  flow  rate  was  3.5  percent  on  one  panel  with  an  average 
reduction  of  1.5  percent  without  any  cleaning.  These  panels  then  were  steam 
cleaned  at  15  psl,  Instead  of  100  psi,  and  the  flow  rate  reduction  was  0.5  percent 
average  with  the  maximum  reduction  of  1.0  percent. 

The  honeycomb  panels  exposed  in  the  humidity  chamber  for  forty 
days  showed  no  corrosion  of  the  surface  or  the  slots  and  only  slight  corrosion  of 
the  holes*  The  maximum  reduction  of  flow  rate  was  3*7  percent,  occurring  in  the 
2024  sandwich  panels  that  exhibited  corrosion  in  the  holes.  The  average  flow 
rate  reduction  was  1  percent  before  steam  cleaning.  After  cleaning  the  flow  rate 
was  Increased  by  1  percent  average.  This  increase  over  the  control  valve  is 
attributable  to  the  steam  cleaning  operation  removing  some  debris  left  from 
drilling  the  holes  after  the  bending  coeration. 

(2)  Salt  Spray  Chamber  Results 

The  exposure  of  the  solid  skin  panels  in  the  salt  spray  chamber 
for  twenty  days  produced  no  evidence  of  corrosion  on  the  surface  or  in  the  slots 
or  holes.  The  flow  rate  reduction  was  1  percent  maximum.  An  additional  twenty- 
day  exposure  resulted  in  slight  corrosion  in  the  slots  of  the  2024  cover  skins 
only.  The  maximum  reduction  in  flow  rate  was  5.4  percent  with  an  average  2.7 
percent  reduce Ijn.  After  steam  cleaning  at  100  psi,  the  maximum  reduction  in 
flow  rate  was  1.6  percent  with  a  1  percent  average  reduction. 

The  honeycomb  panels  exposed  for  a  forty-day  period  in  the  salt 
spray  chamber  exhibited  no  evidence  of  corrosion  on  the  surface.  However,  the 
slots  of  the  7075  panels  were  slightly  corroded,  while  the  holes  showed  extensive 
corrosion.  The  holes  in  the  2024  panels  were  more  ext '.nsively  corroded.  Micro¬ 
scopic  Inspection  showed  a  white  crystalline  deposit  blocking  the  holes  and,  to 
a  lesser  extent,  the  slots.  This  aluminum  hydroxide  deposit  was  probably  caused 
by  galvanic  action  between  the  basic  metal  and  its  cladding  material  when  the 
edges  were  exposed  by  the  drilling  operation.  Shim  stock  was  run  along  the  slots 
between  the  first  and  second  twenty-day  exposures  without  re-Iriditing  the  slots. 
This  removed  some  of  the  Iridlte  coating  in  places  along  the  'ilot,  allowing  cor¬ 
rosion  to  develop  in  the  slot  during  the  second  twenty-d»<y  exposure. 

Flow  rate  measurements  were  taken  after  twenty  days'  exposure  in 
the  salt  spray  chamber.  The  7075  sandwich  panels  showed  a  reduction  in  flow 
rate  of  9  percent  maximum  while  the  2024  panels  exhibited  a  reduction  of  45  ner- 
cent.  Running  shim  stock  along  the  slots  increased  the  flow  rate  to  within  4 
percent  of  the  control  measurements  on  the  7075  panels  but  to  within  only  21 
percent  on  the  2024  panels.  The  second  twenty-day  exposure  resulted  in  a  reduc¬ 
tion  in  flow  rate  of  20  percent  for  the  7075  panels  and  a  56  percent  reduction 
for  the  2024  panels.  Steam  cleaning  at  100  psi  and  running  shim  stock  along 
the  slots  resulted  in  an  increase  in  flow  rate  to  within  5.5  percent  of  the 
control  values  for  the  7075  panels  and  increased  the  2024  panels  to  within  25 
percent  of  the  control  values. 
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(F)  Results  and  Discussion 


(3)  Los  Angeles  Climate  --  Roof  of  Test  Laboratory  and  Results 

The  panels  on  the  roof  were  mounted  on  a  horizontal  rack  so  that 
condensation  remained  on  the  surface.  No  attempt  was  made  to  clean  the  panels 
during  the  ninety-day  period  of  exposure*  Upon  removal,  the  7075  panels  showed 
extensive  corrosion  on  the  clad,  Iridited  cover  skin.  The  2024  clad,  Iridited 
cover  skins  were  slightly  corroded,  while  no  corrosion  appeared  on  the  6061 
anodized  skins.  The  slots  of  all  the  panels  were  clogged  with  sand  particles, 
though  no  corrosion  was  found  on  the  edges  and  the  holes  were  relatively  clean 
of  sand  and  corrosion. 

The  solid  skin  panels  with  6061  cover  skins  had  more  sand  clog¬ 
ging  the  slots  than  the  other  panels  and  showed  a  flow  rate  reduction  of  59  per¬ 
cent  before  cleaning.  The  flow  rate  reduction  of  the  other  panels  was  17.4 
percent  maximum.  All  of  these  panels  were  steam  cleaned  at  100  psi.  This  in¬ 
creased  the  flow  rate  to  within  0.7  percent  of  the  control  values  with  a  maximum 
reduction  of  2.5  percent.  Running  shim  stock  along  the  slots  further  increased 
the  flow  rate  to  within  0.3  percent  of  the  control  value. 

The  measurements  taken  on  the  honeycomb  panels  showed  a  30  per¬ 
cent  maximum  reduction  in  flow  rate  before  cleaning.  Steam  cleaning  at  100  psi 
increased  the  flow  rata  to  within  2.5  percent  of  the  cotitrol  values  and  running 
skim  stock  along  the  slots  brought  the  flow  rate  to  within  1.5  percent  of  the 
control  values. 


(4)  Panama  Jungle  Site  Results 

The  panels  at  the  Jungle  Site  were  mounted  on  a  horizontal  rack 
so  that  condensation  and  debris  remained  on  the  surfaces.  No  attempt  was  made 
to  clean  the  panels  during  the  sixty-day  exposure.  Upon  removal,  there  was  no 
evidence  of  corrosion  on  the  surface  or  in  the  slots  of  any  of  the  panels.  The 
holes  of  the  honeycomb  panels  showed  very  slight  corrosion  on  both  the  7075  and 
the  2024  panels. 


On  the  solid  skin  panels  there  was  virtually  no  difference  in 
the  results  for  the  different  materials.  Before  cleaning  there  was  a  10  percent 
reduction  in  flow  rate.  These  panels  were  first  cleaned  with  a  brush  and  a 
standard  model  household  vacuum  cleaner,  used  on  the  slotted  side  only.  This 
operation  brought  the  flow  rate  up  to  within  2.5  percent  of  the  control  values. 
Steam  cleaning  at  100  psi  brought  the  flow  rate  back  to  the  original  value. 
Running  shim  stock  along  the  slots  had  no  appreciable  effect  on  the  flow  rate. 

The  7075  honeycoinl  panels  showed  a  flow  --ntc  reduction  of  10 
percent  while  the  2024  honeycomb  panels  showed  a  13.5  percent  reduction  from 
the  control  values.  Vacuum  cleaning  brought  the  flow  rate  to  within  3.5  per¬ 
cent  of  the  control  values  for  the  7075  panels  and  4.5  percent  for  the  2024 
panels.  Steam  clearing  brought  the  flow  rate  back  to  the  original  value  for 
the  7075  panels  and  to  within  1  percent  for  the  2024  panels.  Running  shim 
stock  through  the  slots  increased  the  flow  rate  on  one  panel  2  percent  but 
had  no  appreciable  effect  on  the  other  panels. 


(F)  Results  and  Discussion 


(5)  Panama  Ocean  Test  Results 

The  panels  at  the  Ocean  Site  were  mounted  on  a  horizontal  rack 
so  that  condensation  and  debris  remained  on  the  surface.  No  cleaning  was 
attempted  during  the  sixty-day  exposure.  Upon  removal  there  was  no  evidence 
of  corrosion  on  the  surface  or  in  the  slots  of  any  of  the  panels.  The  holes  of 
the  honeycomb  panels  showed  very  slight  corrosion  on  both  the  7075  and  the  2024 
panels  with  the  7075  panels  being  somewhat  better  than  the  2024  panels. 

Exposure  of  the  solid  skin  panels  resulted  in  a  reduction  in 
flow  rate  of  15  percent  for  the  7075  panels,  of  10  percent  for  the  7075-2024 
panels,  and  of  12  percent  for  the  7075-6061  panels.  Vacuum  cleaning  brought 
the  flow  rate  to  within  7  percent  of  the  control  values  for  all  panels  while 
steam  cleaning  brought  the  flow  rate  to  within  1  percent  of  the  control  values 
for  all  the  panels.  Running  shim  stock  along  the  slots  had  no  appreciable 
effect  on  the  flow  rate  after  steam  cleaning  except  in  one  panel  which  showed 
an  increase  of  4  percent. 

The  sixty-day  exposure  of  the  honeycomb  panels  at  the  ocean 
site  resulted  in  a  14  percent  reduction  in  flow  rate  for  the  2024  panels  and 
a  7  percent  reduction  for  the  7075  panels.  Vacuum  cleaning  with  a  brush  on  a 
standard  household  vacuum  cleaner  brought  the  flow  rate  up  to  v;ithin  2.5  per¬ 
cent  of  the  control  values  for  all  panels.  Steam  cleaning  at  100  psi  further 
increased  the  flow  rate  to  above  the  control  values  while  the  running  of  shim 
stock  through  the  slots  did  not  effect  the  flow  rats  appreciably. 

(6)  Adhesive  Strength  Test  Results 

Results  of  the  physical  test  data  for  the  metal  to  metal  bonds 
are  contained  in  Table  HI  .  The  results  derived  from  the  data  are  indicated 
below.  Visual  inspection  of  the  bonded  areas  after  the  specimens  had  been 
destructively  tested  indicated  a  cohesive  type  of  bond  failure. 

Primed  chromic  acid  anodized  surfaces  were  satisfactory  for 
bonding  with  AF-13  adhesive.  The  AF-13  bond  in  the  metal  to  metal  bonded 
specimens  was  relatively  unaffected  by  the  five  different  environmental  con¬ 
ditions  (discussed  previously).  All  of  the  different  aluminum  alloys  provided 
satisfactory  surfaces  for  bonding  with  the  AF-13  adhesive. 

Of  the  metal  to  metal  single  lap  shear  specimens  the  wide  range 
of  lap  shear  values  was  probably  due  to  warpage  in  the  aluminum  panels  that  were 
used  in  fabricating  the  shear  specimens.  To  achieve  maximum  glueline  strength 
with  AF-13  adhesive,  the  cured  adhesive  glueline  should  be  approximately  1.5 
mils.  As  the  bonded  glueline  increases,  the  strength  characteristics  of  the 
adhesive  decreases.  Therefore,  a  small  warpage  in  the  aluminum  panels  will 
cause  areas  of  thicker  gluelines  and  thus  a  reduction  of  bond  strength. 

Since  all  of  the  metal  to  metal  peel  specimens  were  bonded  as 
described  previously,  a  comparison  can  be  drawn  between  the  bond  strength  of 
the  four  metal  combinations: 


(F)  Results  and  Discussion 


Metal  Combination 


Aluminum  Details 


A 

B 

C 

D 


.020  Skin 
7075  alclad 
2024  alclad 
6061  nonclad  anodized 
6061  nonclad  anodized 


.064  Skin 

7075  alclad  anodized 
7075  alclad  anodized 
7075  alclad  anodized 
2024  alclad  anodized 


The  physical  test  data  in  Table  III  indicate  that  metal  combination  D  will 
probably  provide  the  best  peel  strength,  that  metal  combinations  B  and  C  are 
equivalent  in  peel  strength  but  lower  than  D,  and  that  metal  combination  A  has 
the  poorest  peel  strength  of  the  four  combinations.  However,  all  bond  failures 
were  cohesive  and  the  lowest  strength  results  (combination  A)  were  above  re¬ 
quired  peel  strengths. 

Results  of  the  physical  test  data  for  honeycomb  core  adhesive 
bond  AF-203  are  contained  in  Table  IV,  The  results  derived  from  the  data 
are  indicated  below.  Visual  Inspection  of  the  tested  specimens  indicated 
cohesive  failure  on  the  honeycomb  side  of  the  bond.  All  the  values  for  honey¬ 
comb  tensile  and  peel  specimens  are  above  required  values  for  BLC  work. 

Primed  chromic  acid  anodized  7075  surfaces  were  satisfactory 
for  bonding  with  AF-203  adhesive. 

While  the  AF-203  bonds  were  somewhat  affected  by  certain  of  the 
five  environmental  conditions  (described  previously),  the  strength  values  were 
all  above  the  requirements  for  BLC  work.  The  only  changes  in  strength  values 
were  as  follows. 


(a)  The  honeycom*-  peel  result  after  humidity  exposure 
was  25  percent  lower  than  the  control  values. 

(b)  The  honeycomb  peel  results  of  the  Panama  Canal 
Zone  exposure  (Jungle  and  Ocean  Sites)  were  15 
percent  higher  than  the  control  values.  These 
results  cannot  be  explained  at  this  time. 

(c)  The  honeycomb  tensile  results  after  exposure  to 
the  Ocean  and  Jungle  Sites  at  Panama  and  the  roof 
of  the  test  laboratory  were  10  percent  lower  than 
the  control  values. 

Although  the  results  were  satisfactory  with  AF-203,  industry 
investigations  have  indicated  that  AF-203  is  only  suitable  for  a  two-  or 
three-stage  bonding  operation  when  full  pressure  is  applied  at  all  times. 
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Investigations  are  currently  being  conducted  on  three  new  types  of  non- 
perforated  core  adhesives  which  are  more  promising  for  multistage  bonding 
operations.  These  are:  (1)  modified  AF-203,  Minnesota  Mining  and  Manu¬ 
facturing  Company;  (2)  FM-61,  Bloomingdale  Rubber  and  Asbestos  Company; 
and  (3)  Metlbond  4o6,  Narmco  Resins  and  Coating  Company. 

The  two  commonly  used  methods  of  anodizing  aluminum  alloys 
are  the  sulfuric  acid  and  the  chromic  acid  methods.  Military  Specification 
MIL-A-8625A  prohibits  the  chromic  acid  method  for  anodizing  aluminum  contain¬ 
ing  more  than  7  percent  alloying  metals  and  more  than  5  percent  copper  alloy 
without  obtaining  a  deviation  from  the  contracting  agency.  Due  to  the  avail¬ 
ability  of  the  chromic  acid  anodizing  facilities  at  Northrop  Corporation, 
Norair  Division  all  the  anodized  aluminum  details  were  chromic  acid  anodized, 
as  is  presently  being  done  on  details  for  the  Boeing  707.  Specific  approval 
for  deviations  from  MIL-A-8625A  will  be  required  if  the  chromic  acid  method 
of  anodizing  is  utilized  for  high  aluminum  alloys  used  in  the  design  of  a 
BLC  aircraft. 

(G)  Conclusions 


The  flow  rate  measurements  on  all  BLC  panels,  except  the  honey¬ 
comb  panels  in  the  salt  spray  chamber,  showed  reductions  of  less  than  2.5  per¬ 
cent  from  the  control  values  after  steam  cleaning.  The  honeycomb  panels  In  the 
salt  spray  chamber  showed  considerable  corrosion  in  the  holes  and  the  flow  rate 
reduction  was  as  much  as  25  percent  for  the  202^  panels,  but  only  5  percent  for 
the  7075  panels,  after  cleaning.  From  the  solid  skin  panel  tests  it  would  seem 
that  anodizing  the  holes  and  brush-Irlditing  the  slots  gives  adequate  protection 
against  corrosion.  However,  running  shim  stock  along  the  slots  should  be  ac¬ 
companied  by  the  reapplication  of  the  Iridite  coating.  The  holes  in  the  honey¬ 
comb  panels  were  not  protected  in  any  way,  and  while  the  salt  spray  test  was  the 
only  one  producing  extensive  corrosion,  it  is  deemed  necessary  to  devise  a 
method  of  Iriditing  the  holes  drilled  after  bonding. 


From  the  tests  run  on  the  weathered  panels  it  would  seem  that 
the  operation  or  storage  of  BLC  aircraft  for  periods  up  to  ninety  days  would 
require  no  special  covering  or  protection  for  the  slots  and  holes.  Periodic 
vacuum  cleaning  looks  promising  as  a  method  for  the  removal  of  any  drbris 
that  may  settle  in  the  slots,  while  steam  cleaning  at  100  psi  from  the  slot 
side  seems  adequate  for  maintaining  an  efficient  ducting  system.  Running  shim 
stock  through  the  slots  does  not  seem  to  be  necessary,  at  least  during  a  three- 
month  period,  since  in  only  two  cases  was  the  flow  rate  affected  more  than  1 
percent  by  this  action. 


The  results  of  the  metal  to  metal  strength  tests  show  no 
deterioration  of  the  bond  during  the  weathering  exposures.  The  results  of 
the  honeycomb  peel  and  tensile  tests  indicate  that  the  adhesive  bond  is 
attacked  somewhat  by  humidity  weathering  exposures,  but  the  strength  values 
are  still  adequate  for  BLC  work,  Poth  AF-13  and  AF-203  adhesives  will  be 
used  for  future  boundary  layer  work  pending  further  investigation  of  other 
adhesives  (discussed  above). 
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TABLE 


TEST  SPECIMENS 


No.  of  Specimens 
Fabricated 


No.  of  Specimens 
in  a  Typical  Group 


1.  Boundary  Layer  Test  Panels 


A.  A2096A6  Solid  Skin  Configuration 


Aj 

^3 


-1 


.-3 

-5 


B.  4209647  Honeycomb  Skin  Configuration 


II. 


B 

B 


1 

2 


-1 

-5 


Metal  to  Metal  Peel 


Skin  (a)  (Table  II-^.)  Skin  (b)  (Table  III) 


7075-T6 

7075-T6 

7075-T6 

2024-T4 


7075-T6 
2024-T4 
6061-T6 
606  UT6 


III. 


Metal  to  Metal  Single  Lap  Shear  Panels 


* 


Skin  (a)  (Table  III)  Skin  (b)  (Tablo  III) 


7075-T6 
2024-T4 
6061.T6 
6061-T6 

I V .  Honeycomb  Peel  and  Tensile  Panels 

l/4-incli  cell 
3C03-.004  N.P.  core 
7075-T6  skins 


7075-T6 

7075-T6 

7075-T6 

2024-T4 


10 

10 

10 


10 

10 


30 

30 

30 

30 


6 

6 

6 

6 


6 


2 

2 

2 


2 

2 


5 

5 

5 

5 


1 

1 

1 

1 


1 


*Each  lap  shear  panel  was  sheared  into  5  individual  specimens. 

**Each  panel  was  sheared  into  4  honeycomb  peel  and  4  honeycomb 
tensile  specimens. 
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PHYSICAL  PROPERTIES  OF  AF-13  BONDED  SPECIMENS 
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anodized  before  bonding 
anodized. 


TABLE  IV 


PHYSICAL  PROPERTIES  OF  AF-203  BONDED  PANEL 


(Using  .020-lnch  7075-T6  alclad  skins  and  1/4-inch 
cell  size  3003-.004  N.P.  honeycomb  core,  tested  at 
ambient  temperature) 


Conditioning  of 

Test  Specimens 

Honeycomb 

Tensile 

psi 

Honeycomb 

Peel 

lb-in/3"  Width 

None 

1310 

121 

Salt  Spray  for 

20  Days 

1320 

112 

Humidity  Chamber  for 

20  Days 

1340 

86 

Roof  of  Test  Laboratory 
for  90  Days 

1190 

118 

Panama  Canal  Zone,  Ocean 

Site,  for  60  Days 

1190 

151 

Panama  Canal  Zone,  Jungle 

Site,  for  60  Days 

1210 

157 
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FIGURE  I  BLC  WING  SKINS 


FIGURE  2  OUTBOARD  AND  TRAILING  EDGE  SKINS 
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FIGURE  5  WIST  AT  FAILURE 
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FIGURE  6  ALL  BONDED  UPPER  AND  LOWER  SKIN  ASSEMBLY 


FIGURE  8  CONTINUOUS  TRUSS  TYPE  TRAILING  EDGE 
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FIGURE  9  ALTITUDE  -  LOCAI.  DISTURBANCES 
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FIGURE  10  AI,TITUDE  -  WAVINESS  CHART 
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FIGURE  12  POTENTIAL  CUMULATIVE  DAMAGE  REDUCTION  FOR  BLC  AIRCRAFT 
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FIGURE  15  S-N  CURVE  -  CHORDWISE  SPECIMENS 
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FIGURE  18 
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Unclassified  Report 

*  At  subsonic  speeds,  full  length  laminar  flow  and  low 
j  drags  were  obtained  up  to  high  length  Reynolds  numbers 
on  a  thin  straight,  on  a  swept  laminar  suction  wing 
I  and  on  a  suction  body  of  revolution.  Moderately  in¬ 
creased  suction  rates  in  the  most  critical  region  of 
I  a  straight  and  a  swept  laminar  suction  wing  enabled 
full  chord  laminar  flow  in  the  presence  of  external 
I  sound.  Theoretical  investigations  are  concerned  with 
nonlinear  boundary  layer  oscillations  and  stability 
I  boundary  layer  on  a  flat  plate  up  to  high  supersonic 
speeds  as  well  as  on  a  highly  swept  supersonic  low 
I  drag  suction  wing  of  low  wave  drag.  On  a  supersonic 
flat  laminar  suction  plate  with  and  without  weak  inci- 
I  dent  shock  waves,  extensive  laminar  flow  and  low 
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equivalent  drags  were  obtained  at  M  =  3  up  to  length 
I  Reynolds  numbers  of  26*10^.  Further  supersonic  low 
drag  suction  experiments  on  a  suction  body  of  revolu- 
I  tion,  on  a  36®  supersonic  yawing  wing,  as  well  as  on 
a  72°  supersonic  yawing  wing  (swept  behind  the  Mach 
I  cone)  of  low  wave  drag,  are  described.  The  latter 
wing  showed  full  chord  laminar  flow  with  a  subsonic 
■  type  pressure  distribution  at  M  =  2  and  Rc^’lO^. 
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